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Abstract 
Determining how our Solar System formed is an important step towards 
understanding our origins. Key to this is sequencing the events which transformed a 
cloud of interstellar gas into the Solar System we see today. Currently, the U-Pb 
system is the only absolute isotopic chronometer able to produce the resolution 
needed for high precision dating of the early Solar System. Additionally, only well 
preserved and ancient achondrites provide the material which record early 
planetary formation processes.  
At present, much of the sequencing of early Solar System planetary 
formation has revolved around a small group of well-preserved achondrites called 
angrites. While angrites have proved invaluable for sequencing early planetary 
formation, they also all originate from the same parent body. With the recent 
discovery of several more well-preserved achondrites which are not from the angrite 
group, we are presented with an opportunity to expand our understanding of early 
planetary formation. In this study, four well-preserved unique ungrouped 
achondrites are analysed and sequenced in order to understand more about early 
planetary formation within the early Solar System. In addition to this, analysis 
techniques were modified and monitored in order to improve the accuracy and 
precision of the calculated ages across all laboratories. The two most significant 
analysis findings were that firstly, HF as a leaching acid induces Pb isotopic 
fractionation, while secondly; care must be taken when monitoring TIMS SEM 
detector drift as it could cause Pb-Pb age discrepancies of up to 1 Ma.  
The U-Pb systematics of four different achondrites (NWA 7325, Asuka 
881394, NWA 6704 and NWA 10132) from three different planetary bodies are 
analysed within this study. In addition, NWA 7325 underwent Al-Mg analysis in 
order to further understand its formation history. The chronological analysis of 
these meteorites resulted in ages of: NWA 7325 = Pb-Pb age of 4563.4 ± 2.6 Ma, Al-
Mg age of 4563.09 ± 0.26 Ma; Asuka 881394 = Pb-Pb age of 4564.95 ± 0.35 Ma; NWA 
6704 = Pb-Pb age of 4562.55 ± 0.49 Ma; and NWA 10132 = Pb-Pb age of 4563.46 ± 
0.67 Ma. In addition to age data, the U-Pb systematics of each meteorite shows 
evidence for varied and complex formation histories. A combination of the age data 
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from this study and previously published age data show an overall timescale of 
planetary formation within the Solar System. The earliest planetesimal crustal 
formation began around 4565 Ma, roughly 2-3 Myr after the formation of CAIs and 
simultaneous with chondrule formation. Following on from this, a multitude of 
planetesimals differentiated and crystallised crustal material between 4564 Ma and 
4562 Ma. By 4562 Ma, large scale planetesimal collisions were occurring, with many 
early planetesimals accreted into larger bodies. Some early planetesimals survived 
this period however, with the HED parent body possibly enduring until today (4 
Vesta). Nevertheless, large scale planetesimal impacts, which represent the final 
stage of planetary formation, were underway within 5 Myr of the formation of the 
first solids and within ~3 Myr of the crystallisation of the first crustal material.  
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1 Introduction 
For countless millennia, humans have possessed an almost primal instinct to 
understand our origins. In fact, much of science today still strives to answer this 
question. However, this question does not begin with the formation of the first 
bacteria, it traces back to the formation of our universe and the beginning of time 
itself (or even before). Crucial to this story, is to understand how our Solar System, 
currently the only one known to support life, came into existence. 
As the early Solar System cannot be directly observed, much of what we know 
comes from the meteorites and their components which formed during this period 
(for a detailed discussion on the classification of meteorites see Krot et al (2014)). 
While these samples can be analysed in many different ways, one field of study that 
remains at the forefront is cosmochronology (the application of isotopic dating 
techniques to extra-terrestrial samples). The goal of many cosmochronologists is to 
understand planetary system formation by way of high-precision dating. Achieving 
this requires the use of robust and accurate dating methods applied to suitable and 
well preserved material. When done correctly, key events associated with our Solar 
Systems formation can be targeted and dated with precision of less than 1 Ma. While 
precision has substantially improved, some processes still remain unresolvable. 
Additionally, discrepancies between different isotopic chronometers and possible 
inconsistencies between labs continue to hamper efforts to further resolve early 
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Solar System events. As a result, cosmochronologists continually strive to improve 
dating techniques and to further understand the processes and materials being dated. 
1.1 Early Solar System formation 
The formation and early evolution of the Solar System currently involves five 
major stages of accretion: 1) The formation of dense clumps of material within the 
molecular cloud. 2) The formation of both the protostar under gravity and the 
protoplanetary disk by conservation of angular momentum. 3) The condensation of 
Calcium-aluminium rich refractory inclusions (CAIs) and the crystallisation of 
chondrules by heating and rapid cooling of dust particles. 4) The accretion of dust, 
CAIs and chondrules into planetesimals. 5)  The continued growth of planetesimals 
into planetary embryos and planets.  
Of these five major stages, stage one and two are not dateable by radioactive 
decay as they provide no processes which cause the chemical fraction of parent and 
daughter elements (Amelin and Ireland, 2013). As a result, these two stages are not a 
direct subject of analysis for the field of cosmochronology.  In contrast, a number of 
processes which occur during stages three to five do result in chemical fractionation 
and therefore are dateable by radioactive decay. The oldest process within our Solar 
System dateable by radioactive decay is the condensation of the first preserved 
solids, CAIs. As a result, in the field of cosmochronology the age of CAIs (4567.30 ± 
0.16 Ma) represents the age of the Solar System (Connelly et al., 2012). The 
formation of chondrules within the protoplanetary disk is also dateable by 
radioactive decay. However in contrast to CAIs, chondrule ages span a significant 
period of time. Based on the ages of multiple chondrules, the formation of 
chondrules likely begun near simultaneously with CAIs and continued for ~2.5 Ma 
(Amelin and Krot, 2007; Connelly and Bizzarro, 2009; Connelly et al., 2012).  
While CAI and chondrule formation can be directly dated, the formation of 
planetesimals and planets cannot. This is because the accretion of material into 
larger bodies does not directly cause chemical fractionation. Nevertheless, many 
processes associated with planetary accretion (e.g. crustal formation via melt 
crystallisation) can be dated and used to constrain key planet forming events. 
Currently, the minimum age of planetesimal formation is defined by the 
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crystallisation ages of the oldest differentiated meteorites (achondrites). However as 
well preserved early Solar System achondrites are rare, only a handful have been 
dated using high precision methods.  Additionally, many of these come from one 
achondrite group (angrites) and therefore represent only one early Solar System 
planetary body. In order to further understand planetary formation within the early 
Solar System, more well preserved early Solar System achondrites from multiple 
planetary bodies will need to be studied. 
1.1.1 Early planetary meteorites 
While early chronological studies into planetary formation focused on the 
most abundant achondrites, such as eucrites, it was soon realised that obtaining 
accurate and precise ages required well preserved achondrites with simple geologic 
histories (Amelin and Ireland, 2013). As a consequence, Progress in the studies of 
early planetary meteorites was only enabled once a diverse array of meteorites, some 
of which were pristine and relatively simple, had been discovered. This was, in turn, 
made possible by broad-scale meteorite search programs in Antarctica and the 
deserts (e.g. Northwest Africa). The expansion of the angrite group from a single 
unique meteorite in the 1970’s to a diverse group of over 20 meteorites is largely a 
result of such meteorite search programs. Furthermore, as a consequence of these 
angrite findings, angrites have become one of the most studied groups of well-
preserved early Solar System achondrites.  
Angrites (named after the angrite Angra dos Reis) are a group of basaltic rocks 
which share many chemical similarities and likely formed in the crust of an early 
Solar System planetary body (Mittlefehldt, 2014). Textually, angrites are split into 
two groups, quenched and plutonic, with each group showing distinct crystallisation 
ages. Quenched angrites (e.g. D’Orbigny and Sahara 99555) represent some of the 
oldest material in the Solar System, with calculated U-Pb crystallisation ages of 
~4563 Ma (Amelin, 2008a; Amelin, 2008b; Brennecka and Wadhwa, 2012). This 
makes the crystallisation ages of quenched angrites only ~4 Ma younger than the 
crystallisation age of CAIs. In contrast, the plutonic angrites (e.g. Angra dos Reis 
(ADOR), Lewis Cliff 86010 (LEW 86010), NWA 4801, NWA 4590 and NWA 
6291/2999) show younger ages, with U-Pb ages spanning from ~4560 Ma to 4556 Ma 
(Amelin, 2008a; Amelin and Irving, 2007; Bouvier et al., 2011a; Brennecka and 
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Wadhwa, 2012). This array of angrite textures and ages suggests that the angrite 
body not only formed very early on in the Solar System, but remained active over a 
period of at least ~7 Ma.  
While angrites have proven invaluable to the chronology of early planetary 
formation, their shared parent body restricts their ability to characterise the overall 
planetary formation processes occurring within the early Solar System. Nevertheless, 
up until recently angrites represented the only suitable material available for 
analysis. Within the last ~15 years however, a number of well-preserved and unique 
achondrites have also been discovered. As a result, these rare and often unique well-
preserved ungrouped achondrites are also becoming significant for the study of early 
Solar System planetary formation.  Currently, three early Solar System ungrouped 
achondrites have yielded high precision age data, with two (NWA 2976 and NWA 
6704) displaying ages which are in agreement with quenched angrites (~4563 Ma) 
(Bouvier et al., 2011b; Iizuka et al., 2013a; Yin et al., 2013). The third, Asuka 881394, 
has currently shown inconsistent ages from different isotopic chronometers. 
Furthermore, as the ages span from ~4564 Ma to ~4566 Ma, Asuka 881394 is 
currently the oldest achondrite known (Wadhwa et al., 2009; Wimpenny et al., 
2013). Nevertheless, resolving this age discrepancy is particularly important as it 
could have a significant impact on how we understand early planetary formation.   
In addition to these three ungrouped achondrites, a number of other well-
preserved ungrouped achondrites have recently been discovered. Included in these, 
are the two achondrites NWA 7325 and NWA 10132. While both these meteorites 
are unique, NWA 7325 represents a previously un-sampled parent body whereas 
NWA 10132 represents a second sample from the parent body of NWA 6704. 
Nevertheless, both these meteorites are exciting prospects to the field of 
cosmochronology as they allow the analysis of both a new planetary body, and 
planetary body with only one previous sample. Additionally, NWA 7325 has 
attracted extra attention as initial chemical analysis suggested the meteorite may be 
linked to the planet Mercury (Irving et al., 2013). As a result, this study involves the 
chronological study of these two meteorites (NWA 7325 and NWA 10132), along 
with re-investigations of the ungrouped achondrites NWA 6704 and Asuka 881394. 
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1.2 The U-Pb system 
Although many isotopic systems have been used over the history of 
cosmochronology, the four which are currently able to provide the accuracy and 
precision needed for early Solar System chronology are the U-Pb, Al-Mg, Mn-Cr 
and Hf-W isotopic systems (for a detailed discussion on radio chronometer dating in 
meteorites see Wadhwa et al (2014) and Davis and Mckeegan (2014)). Nevertheless 
of these four isotopic chronometers, the only one able to provide absolute ages is the 
U-Pb system. The other three isotopic systems are extinct and therefore can only 
provide relative or model age data. In the context of early Solar System chronology 
these two terms, ‘absolute’ age and ‘relative’ age, have very distinct meanings. All 
‘absolute’ ages are calculated relative to the present as they are determined using 
long-lived chronometers which are still undergoing the decay process. In contrast, 
‘relative’ ages refer to age differences calculated between two similar materials using 
short-lived radionuclides (half-life of <100 Myr) which were present in the early 
Solar System but became extinct shortly after. Therefore, in order to convert 
‘relative’ ages into ‘absolute’ ages, the ‘absolute’ age of one of the materials used in 
the ‘relative’ age calculation must be known. Consequently, the ‘absolute’ ages 
calculated from the U-Pb system are required in order to apply ‘absolute’ ages to the 
‘relative’ isotopic chronometers. Additionally, the use of extinct radionuclides as 
chronometers relies on the assumption that the initial distribution of these isotopes 
was homogenous throughout the protoplanetary disk. As a result, accurate and 
precise U-Pb ages are required for multiple early Solar System materials for use as 
both direct sample ages and as reference ages for calculated ‘relative’ age data. 
Subsequently, achieving the most precise and accurate data when conducting U-Pb 
chronometry of early Solar System material is crucial for all early Solar System 
isotopic dating.   
The U-Pb isotopic chronometer exists as the decay of 235U to 207Pb (235U decay 
series) and 238U to 206Pb (238U decay series), which have half-lives of 704 million years 
and 4468 million years respectively (Jaffey et al., 1971; Villa et al., 2016). As the U-
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Pb system consists of two decay chains with different half-lives, ages can be 
calculated directly using the 207Pb/206Pb ratio of the radiogenic Pb. However, as 
meteorite samples contain non-radiogenic Pb in addition to radiogenic Pb, ages 
cannot be calculated directly from the measured 207Pb/206Pb ratio. As a consequence, 
Pb-Pb isochrons (204Pb/206Pb vs 207Pb/206Pb) are often required in order to resolve the 
true 207Pb/206Pb ratio of the radiogenic Pb. The radiogenic Pb concentration within a 
Pb-Pb plot is represented by the y intercept as this is the point where 204Pb, which is 
not produced by radioactive decay, is equal to zero. In order to achieve acceptable 
accuracy and precision using the Pb-Pb isochron method, three conditions must be 
met in relation to sample Pb components 1) At least some analyses need to have 
high concentrations of radiogenic Pb relative to non-radiogenic Pb. 2) Measured 
samples need at least some variation in their ratio of radiogenic Pb to non-
radiogenic Pb. 3) The non-radiogenic Pb isotopic composition needs to be consistent 
within all the analyses. Conditions one and two are essential to achieving precision, 
as they help to constrain both the slope and y intercept of the isochron. The third 
condition is required for both precision and accuracy, as variations in the non-
radiogenic Pb composition (e.g. variable mixtures of initial Pb and terrestrial Pb or 
the presence of multi-stage Pb) will result in an inaccurate and imprecise isochron.  
1.2.1 Radiogenic and non-radiogenic Pb in meteorites  
Although meteorites can contain multiple non-radiogenic Pb components, the 
two sources which are present in almost all meteorites are initial Pb and terrestrial 
contaminant Pb. Additionally, the process of U-Pb analysis also contributes small 
quantities (≈1 picogram) of contaminating Pb to the samples which is referred to as 
blank Pb. These sources of non-radiogenic Pb, which are sometimes incorrectly 
referred to as “common Pb”, can be present in varying amounts and so need to be 
both reduced and accounted for in each sample. Blank Pb is the most simple to 
account for as it can be measured and directly subtracted from the analyses. 
Nevertheless, continually reducing the concentrations of blank Pb is important for 
improving precision.  
Initial Pb represents the Pb which was present within the mineral grains at the 
time of resetting of the U-Pb system. The abundance of initial Pb within the sample 
is determined by the minerals capacity to accept Pb into the crystal lattice (e.g. 
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zircons contain little to no initial Pb). In meteorites, total avoidance of initial Pb is 
almost always impossible; however it can be mitigated by careful mineral selection. 
In early Solar System chronometry, initial Pb is generally assumed to be exactly or 
very close to the composition of primordial Pb (Tatsumoto et al., 1973). An isochron 
constructed from analyses which contain a mixture of only initial Pb and radiogenic 
Pb are considered accurate as all the points will lie on a line between the two end 
member compositions (initial Pb and radiogenic Pb) making the radiogenic Pb 
composition visible as the y intercept.  
Terrestrial contaminant Pb is often the most problematic non-radiogenic Pb 
component as it may comprise multiple Pb domains with different Pb compositions. 
Additionally, when terrestrial Pb is present together with initial Pb, the radiogenic 
Pb component cannot be accurately determined unless both initial Pb and terrestrial 
Pb comprise an identical ratio of the non-radiogenic Pb component between all 
analyses. As a consequence, complete removal of terrestrial Pb for all analyses to be 
used in constructing a Pb-Pb isochron is recommended. The complete removal of 
initial Pb instead can be a possible alternative (as a Pb-Pb isochron containing only 
terrestrial Pb and radiogenic Pb will also be accurate), however the success of this is 
not easy to assess as the Pb isotopic composition of the terrestrial Pb component is 
not always known. Additionally, initial Pb is often more resistant to removal 
techniques (than terrestrial Pb) making removal of the terrestrial contaminant Pb 
the more viable option.  
Removing non-radiogenic Pb within meteorites is an ongoing issue which 
continues to have a significant effect on early Solar System U-Pb dating (Amelin et 
al., 2009). Nevertheless, techniques for removal of non-radiogenic Pb continue to 
advance, with aggressive acid leaching currently the most successful method for 
producing highly radiogenic analyses (e.g. Amelin, 2006; Amelin, 2008a; Amelin et 
al., 2009; Bouvier et al., 2011b; Connelly and Bizzarro, 2009; Connelly et al., 2012; 
Iizuka et al., 2014). Furthermore, acid leaching procedures are generally considered 
safe for Pb-Pb dating as fractioning Pb isotopes via leaching is difficult. Although 
leaching induced isotopic fractionation has been observed under certain 
circumstances so constant monitoring is required (Amelin et al., 2010; Amelin et al., 
2016). In ideal circumstances acid leaching has been shown to produce analyses with 
near complete removal of all non-radiogenic Pb (Amelin, 2008a). However, as 
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significant meteorites with unique and interesting histories are not always 
completely ideal for U-Pb dating, improving and specialising acid leaching 
techniques is essential. As a consequence, an important goal of this study is to 
further improve and understand acid leaching techniques. Additionally, this 
contributes to the overall objective of better understanding U-Pb systematics as a 
whole in the scope of early Solar System dating.  
1.2.2  238U/235U ratio and decay constants of uranium isotopes 
In addition to non-radiogenic Pb, several other factors need to be considered 
when conducting U-Pb dating. These factors are not necessarily the focus of this 
study and so are not discussed in detail. Nevertheless their impact on U-Pb dating 
should not be understated, so some of the major considerations will be outlined 
here. One factor which has been recognised as a source of accuracy issues with 
respect to U-Pb dating is the 238U/235U ratio. Previously this ratio was thought to be a 
consistent value of 137.88 in all terrestrial and meteoritic material (Chen and 
Wasserburg, 1980). However with ever increasing precision on U-Pb ages, the 
238U/235U ratio was measured in CAIs to re-examine this consistency and found to 
vary from the accepted value of 137.88 (Brennecka et al., 2010). Since then a 
compilation of all terrestrial and meteoritic material 238U/235U ratios has been 
compiled with an overall meteorite average 238U/235U ratio of 137.794 calculated 
(Goldmann et al., 2015). This new meteorite average 238U/235U ratio results in an age 
difference of -0.9 Ma relative to the previously accepted 238U/235U ratio in early Solar 
System materials (~4560 Ma). However as not all material shares an identical 
238U/235U ratio to the Solar System average, it is important to measure each 
meteorites 238U/235U in order to obtain more accurate U-Pb ages. Nevertheless, in 
situations where a meteorites 238U/235U is yet to be measured, or where the 238U/235U 
ratio cannot be measured with sufficient precision due to low U concentration and 
sample size limitations, it is more appropriate to use the more accurate 238U/235U ratio 
of 137.794 rather than the old value of 137.88. As a consequence, for meteorites 
analysed in this study which have not yet had their 238U/235U ratio precisely 
measured, the 238U/235U ratio of 137.794 was used in all age calculations.  
 Although the decay constants of the U isotope decay chains are considered 
well known, the ancient age of the early Solar System means any uncertainties 
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related to them get amplified. As a consequence, the error on a 207Pb*/206Pb* date 
from the early Solar System (~4560 Ma) is ~9.3 Myr as a result of the error on the 
decay constants alone (Amelin, 2006; Ludwig, 2000). When comparing Pb-Pb ages 
which all date back to the early Solar System, these decay constant uncertainties 
cancel out (Amelin, 2006). Nevertheless, these decay constant uncertainties should 
not be overlooked as they make up a significant portion of the absolute age error on 
early Solar System U-Pb ages. As a result, any re-investigation of these decay 
constants would be highly valued by the cosmochronology community as it could 
significantly reduce one major source of age error. 
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2 Methods 
2.1 Introduction 
Currently, the U-Pb system is the most accurate, precise and widely used 
isotopic system for early Solar System chronology (Davis and McKeegan, 2014; 
Wadhwa, 2014). Furthermore, with the application of advanced acid leaching 
techniques and the 202Pb-205Pb double spike (Amelin and Davis, 2006), Pb-Pb 
isochron ages of achondrites (with sub-nanogram quantities of Pb) are able to 
achieve precision of <0.5 Myr (Amelin, 2008a; Amelin, 2008b; Bouvier et al., 2011b). 
Despite these developments, a number of issues, such as the effective removal of all 
non-radiogenic Pb, remain problematic.  As a result, the goal of this study was to not 
only apply previously established procedures, but build on them by developing and 
applying new techniques.   
2.2 Sample preparation 
To ensure all U-Pb analyses would have the highest chance of success, 
meteorite fragments were carefully selected. Firstly, each meteorite fragment was 
required to be of a sufficient size (~500 mg) so that multiple ~20 mg high quality 
mineral fractions could be extracted.  If possible, meteorite fragments were also 
selected from the interior of the meteorite and with minimal alteration and 
contamination. Any visible contamination such as desert material or residual epoxy 
resin was either abraded or pulled off. For fragments which contained pervasive 
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amounts of desert contamination, the most heavily contaminated areas were 
removed prior to crushing, while the remaining contamination was removed later 
during hand picking. In order to document each stage during the preparation of the 
fragments, photographs are taken at each step, including of the initial untouched 
fragment.   
All selected meteorite fragments were crushed in ethanol using an agate 
mortar and pestle which was cleaned thoroughly in ethanol prior to each use. Once 
gently crushed for 3-5 minutes the ethanol (along with any particles which 
remained in suspension) was carefully drained into a glass beaker and was later 
collected as “very fine” fraction. The remaining coarser material was then 
transferred to a separate glass beaker where it was rinsed in ethanol 3 to 4 times, 
before a final rinse in acetone. In order to retain the very fine dust particles from 
each of these rinses, the liquid from each rinse was gently drained to the “very fine” 
beaker. The remaining material was then dried under a UV lamp, before being 
sieved into size fractions.  The crushed material was sieved into three size fractions 
of >250 µm, 100-250 µm and <100 µm using two 5 x 5 cm pieces of disposable nylon 
mesh (250 µm and 100 µm). All material within the 100-250 µm and <100 µm size 
ranges were transferred to their own glass petri dish, for mineral separation and 
whole rock analysis respectively. As to achieve the maximum yield in the 100-250 
µm size fraction, the material >250 µm in size was transferred back into the mortar 
and pestle where it underwent the same crushing and sieving procedure again. This 
process was repeated up to 5 times or until less than ~15% of the material remained 
in the >250 µm size fraction.  
In order to obtain the mineral fractions required for analysis, the 100-250 µm 
size fraction of each of the samples underwent mineral separation. This size fraction 
(100-250 µm) was selected as it contains grains large enough to achieve efficient 
mineral separation, while also small enough to be single mineral grains mostly free 
of intergrowths, and which can be examined for quality (any inclusions, multi 
mineral grains and altered grains) by visual inspection under binocular microscope. 
The minerals most targeted during separation were uranium-bearing minerals which 
also incorporated low levels of non-radiogenic Pb. For the achondrites analysed in 
this study this resulted in targeting pyroxenes, and if present, phosphate minerals. 
Plagioclase was also separated as phosphate minerals often remain in plagioclase 
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separates and are visually indistinguishable. Additionally, the analysis of plagioclase 
can often reveal information about past processes experienced by the meteorite.  
Initial mineral separation was conducted by magnetic susceptibility whereby 
after removal of all highly magnetic material (e.g. metals) using a hand magnet, the 
samples were run though a Frantz magnetic separator at the Australian National 
University (ANU). Each separation on the Frantz was conducted by varying the 
current while keeping the tilt (10°) and voltage (maximum) consistent. The current 
range used varied from 0.10 A for more magnetic material (e.g. olivine) to 1.0 A for 
non-magnetic material (e.g. plagioclase). As separation by magnetic susceptibility 
can only produce enriched mineral fractions, purifying of the fractions was done by 
hand picking under a binocular microscope. Hand picking was conducted under 
ethanol whereby small tweezers were used to move and pick up individual mineral 
grains, while disposable plastic pipettes were used to move large quantities. If any 
visible external contamination still remained (such as desert material), this was 
removed during hand picking. Although mineral separation was conducted 
primarily to obtain fractions of a single mineral phase, in many cases minerals were 
also separated (by handpicking) by quality. Once purified, each mineral and whole 
rock fraction was transferred to a 7 ml glass beaker where they were twice rinsed in 
distilled acetone with 10 minutes of ultrasonic agitation for each rinse. These 
fractions were then dried under a UV lamp, weighed and transferred to Teflon vials 
for acid leaching 
2.3 Leaching procedure 
For a number of years, the presence of non-radiogenic Pb within meteorites 
has been recognised as one of the most prevalent problems for early Solar System U-
Pb dating (Amelin, 2006; Amelin et al., 2009; Amelin et al., 2002; Lugmair and 
Galer, 1992). Most notably, the ineffective removal of non-radiogenic Pb (Amelin et 
al., 2009) has been shown to produce inaccurate Pb isochron ages (Amelin et al., 
2005; Baker et al., 2005). While this issue can be alleviated to some degree by 
mineral selection, acid leaching is currently the necessary step in removing the non-
radiogenic Pb components.  
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The acid leaching procedures applied in this study involved sequential washing 
steps using progressively more concentrated and hotter acids. As the washing steps 
varied between each individual batch, the description of the specific washing steps 
used for each analysis batch will be described in their respective chapters. 
Nevertheless, a standard leaching procedure (Table 2.1) was employed for many of 
the analyses batches. All other leaching procedures were developed as a variation of 
the standard leaching procedure, but with slightly different washing schemes. The 
use of HBr and HF as leaching acids was also employed in other leaching procedures. 
The standard procedure involved two leaching steps (wash 1 and wash 2) followed 
by complete dissolution (residue). The first leaching step consisted of five washes in 
0.5 M HNO3 with 10 minutes of ultrasonic agitation in each wash. The second 
leaching step involved two 7 M HNO3 washes and two 6.2 M HCl washes, with each 
wash left on a hotplate for 1 hour at ~110° C. In order to remove any solid particles 
from suspension, each individual wash of the samples was centrifuged for 5 minutes 
at 3500 rpm prior to extracting the liquid fraction by mechanical pipette. Complete 
dissolution was undertaken in a 3:1 mixture of concentrated HF and HNO3. After 
the completion of all leaching steps, all washes and residues were spiked with a 
mixed 202Pb-205Pb-229Th-233U-236U tracer (Amelin et al., 2010).  
 
Table 2.1. The standard leaching procedure 
 
 
Leaching Step Procedure
Pre-wash
Wash 1
Wash 2
Residue
300 µL 25M HF + 100 µL 12M HNO3, hot plate for 12 
hours at 120°C.
2 ×
2 ×
600 µL 7M HNO3, hot plate 110°C for 1 hour, 
centrifuge at 3500 rpm for 5 min.
600 µL 7M HCl, hot plate 110°C for 1 hour, centrifuge 
at 3500 rpm for 5 min.
Rinse in distilled acetone, ultrasonic for 10 min.
400 µL 0.5M HNO3, ultrasonic 10 min, centrifuge at 
3500 rpm for 5 min.
5 ×
2 ×
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2.4 Previous chemistry protocols for Pb and U-Th separation 
At the beginning of this study, the chemical separation of Pb and U-Th was 
conducted following a previously established procedure described in Amelin et al. 
(2010) and presented in Table 2.2. This procedure was applied to six analysis 
batches, of which three were completed successfully (A47, A49 and A53) and three 
either partially or completely failed (A43, A62 and A75). While the cause of this 
intermittent failure was not immediately known, it appeared as either the complete 
or partial loss of Pb during the Pb separation chemistry procedure. Furthermore, in 
the batches which experienced Pb loss, the U and Th separation chemistry appeared 
to work normally.  
The result of this intermittent Pb chemistry protocol failure was a series of 
four chemistry tests (CT11 to CT14), with each subsequent experiment designed to 
test a different possible cause of the Pb loss, after the possible cause tested by the 
previous experiment was ruled out. Several possible causes were tested, such as the 
resin quality (CT11), the condition of the teflon columns (CT12), the solution used 
to elute Pb (CT13) and the quantity of resin used in each teflon column (CT14). A 
full summary of each chemistry test can be seen in Tables 2.3 to 2.6, while the 
updated Pb separation chemistry protocol is described in section 2.6. All samples 
used in the chemistry tests consisted of 150 pg of EARLYTIME x1 standard (A new 
standard being developed which is designed to replicate the U-Pb of early Solar 
System materials) and 5 pg spike 4 (an in house U-Pb standard used for blank 
measurements). Due to the highly radiogenic Pb contained in the EARLYTIME x1 
standard, both Pb yield and non-radiogenic Pb addition (blank) could be obtained 
from the same measurement. As a result, the chemistry tests also served a secondary 
purpose as they helped to monitor our experimental blanks. All chemistry tests were 
run on the modified Finnigan MAT 261 Thermal Ionisation Mass Spectrometer 
(TIMS) at the ANU by peak jumping on the secondary electron multiplier. 
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Table 2.2. Summary of Pb and U-Th separation chemistry protocols (both previous and updated 
procedures). 
 
FC = Full column (~500 µL) 
  
Previous Updated
First pass Reagent used Volume (µL) Volume (µL)
Cleaning H2O MQ FC (x 3) FC (x 3)
7 M HCl FC (x 3) FC (x 3)
0.5 M HNO3 FC (x 2) FC (x 2)
Conditioning 0.3 M HBr 25 (x 2) 25 (x 2)
Sample loading
300 µL 0.3 M HBr or 280 µL 1M HCl + 20 
µL 9M HBr
300 300
Bulk washes 0.3 M HBr 25,25,50,250 25,25,50,250
2.5 M HCl 50 50
Pb collection 0.5 M HNO3 30,100,100 50,150,150
Second pass
Cleaning H2O MQ FC (x 3) FC (x 3)
7 M HCl FC (x 3) FC (x 3)
0.5 M HNO3 FC (x 2) FC (x 2)
Conditioning 0.3 M HBr 25 (x 2) 25 (x 2)
Sample loading
230 µL (previous) or 350 µL (updated) 
HNO3 + 20 µL 9 M HBr
230 350
Bulk washes 0.3 M HBr 25,25,50,250 25,25,50,250
2.5 M HCl 50 50
Pb collection 0.5 M HNO3 30,100,100 50,150,150
Cleaning 0.02M HNO3 + 0.2M HF FC (x 2) FC (x 2)
0.02M HNO3 FC (x 2) FC (x 2)
Conditioning 3 M HNO3 160 (x 2) 160 (x 2)
Sample loading 3 M HNO3 300 300
Bulk washes 3 M HNO3 50 50
3 M HNO3 + 1% H2O2 80,160 80,160
3 M HNO3 160 160
U + Th collection 0.02M HNO3 + 0.2M HF 50,150 50,150
Pb HBr small column chemistry
U + Th Uteva small column chemistry
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2.5 Chemistry tests 
The first chemistry test undertaken (Table 2.3), chemistry test 11 (CT11), 
involved testing four different resin types: Our standard Eichrom AG1x8 from 
bottle, Eichrom AG1x8 from storage, BioRad AG1x8 and BioRad AG1x4. This was 
conducted in order to test if the low Pb yields were being caused by deterioration of 
our currently employed Eichrom AG1x8 200-400 mesh anion exchange resin. Our 
spiked standard was run through each of these resins using a single pass of our 
previous Pb separation chemistry protocol (Table 2.2), with each individual step 
collected and analysed. A full column rinse of 7 M HCl was also added at the end to 
collect any Pb that may have remained in the resin. In order to calculate our yields, 
a reference standard was also analysed which did not undergo Pb separation 
chemistry. The results of this test showed (Table 2.3) that almost all the Pb remained 
in the resin during our chemistry protocol and was not released until our additional 
final full rinse of 7 M HCl. Furthermore, all four resins displayed the same result, 
indicating this was not solely a resin issue. 
Chemistry test 12 (CT12) was undertaken in order to test if the possible 
presence of deposits of resin decomposition products from previous separations in 
the Teflon columns was the cause of the low Pb yields (Table 2.4). Our spiked 
standard was run through six columns, with three columns extensively cleaned in 
detergent and distilled acetone and stored in 0.5 M HNO3 and three columns not 
cleaned at all. Each column was subjected to the same chemistry protocol as CT11, 
except the final 7 M HCl was split into two steps (200 µL and 400 µL respectively) 
and only the final Pb collection steps, 0.5 M HNO3 and 7 M HCl, were collected and 
analysed. Yield calculations were conducted using the reference stranded from 
CT11. The results of CT12 showed identical Pb yields for both clean and dirty 
columns, indicating that dirty columns was not the cause of Pb retention. 
Additionally, the Pb yields from the 0.5 M HNO3 step were all slightly higher in 
CT12 than in CT11. As later revealed, this was likely due to smaller resin volumes 
within each column.  
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Table 2.3. Chemistry test 11 (CT11) 
A = load (280 µL 1M HCl + 20 µL 9M HBr) 
B = 100 µL 0.3 M HBr 
C = 250 µL 0.3 M HBr 
D = 50 µL 2.5 M HCl 
E = 230 µL 0.5 M HNO3 
F = 500 µL 7 M HCl 
Ref = reference standard 
 * Sample compromised due to bad filament loading 
 
Table 2.4. Chemistry test 12 (CT12) 
E = 230 µL 0.5 M HNO3 
F = 200 µL 7 M HCl 
G = 400 µL 7 M HCl 
 
Modern % Rad Pb Frac. % Total Pb Frac. 
    Sample Name Total Pb, pg com Pb, pg Rad Pb, pg 206/204 207/204 208/204 /reference Comb. /reference Comb.
CT11 #Ref 155.29 2.98 152.31 1987.72 1243.17 639.89 100% 100%
Eichrom AG1x8 from bottle
CT11 #1A 0.32 0.38 -0.06 15.35 13.67 31.81 0% 0%
CT11 #1B 0.37 0.43 -0.07 15.53 13.74 32.68 0% 0%
CT11 #1C 0.17 0.27 -0.10 11.29 10.49 23.63 0% 0%
CT11 #1D 0.21 0.25 -0.05 14.79 13.44 31.58 0% 0%
CT11 #1E 0.28 0.43 -0.15 12.97 11.25 23.45 0% 0%
CT11 #1F 141.24 2.83 138.40 1897.35 1189.06 613.14 91% 91% 91% 91%
Eichrom AG1x8 from storage
CT11 #2A 0.37 0.39 -0.02 17.32 15.13 36.54 0% 0%
CT11 #2B 0.48 0.58 -0.10 15.13 13.55 32.11 0% 0%
CT11 #2C 0.14 0.16 -0.02 16.61 14.34 34.62 0% 0%
CT11 #2D 2.44 2.52 -0.09 17.69 15.45 37.58 0% 2%
CT11 #2E 1.23 1.08 0.14 37.85 25.59 19.75 0% 1%
CT11 #2F 154.28 3.06 151.22 1921.25 1202.58 620.97 99% 99% 99% 102%
BioRad AG1x8
CT11 #3A 0.39 0.39 0.01 21.67 17.73 35.11 0% 0%
CT11 #3B 0.28 0.34 -0.06 14.88 13.70 32.03 0% 0%
CT11 #3C 0.19 0.27 -0.07 13.27 11.79 27.82 0% 0%
CT11 #3D 0.20 0.23 -0.03 15.72 14.06 32.76 0% 0%
CT11 #3E 31.38 0.80 30.58 1494.68 936.67 490.66 20% 20%
CT11 #3F 117.16 3.24 113.92 1376.04 861.76 446.20 75% 95% 75% 96%
BioRad AG1x4
CT11 #4A 0.40 0.59 -0.19 12.35 11.10 25.46 0% 0%
CT11 #4B 0.19 0.28 -0.09 12.65 11.52 25.52 0% 0%
CT11 #4C 0.20 0.32 -0.12 11.34 10.78 23.62 0% 0%
CT11 #4D 0.24 0.35 -0.11 12.48 11.37 26.56 0% 0%
CT11 #4E 1.12 0.35 0.78 106.91 70.60 61.69 1% 1%
CT11 #4F* 131.52 45.71 85.80 107.06 69.49 36.10 56% 57% 85% 85%
Modern % Rad Pb Frac. % Total Pb Frac.
    Sample Name Total Pb, pg com Pb, pg Rad Pb, pg 206/204 207/204 208/204 /reference Comb. /reference Comb.
Cleaned columns
CT12 #1E 33.78 0.78 33.00 1636.53 1024.84 534.82 22% 22%
CT12 #1F 117.37 2.93 114.44 1521.13 952.07 495.64 75% 76%
CT12 #1G 5.80 0.45 5.34 473.62 299.45 172.50 4% 100% 4% 101%
CT12 #2E 45.92 1.11 44.81 1576.08 988.07 517.20 29% 30%
CT12 #2F 107.37 3.77 103.60 1082.27 678.32 354.63 68% 69%
CT12 #2G 2.28 0.36 1.92 231.18 147.41 95.21 1% 99% 1% 100%
CT12 #3E 52.30 1.11 51.19 1792.71 1122.88 581.21 34% 34%
CT12 #3F 108.89 2.46 106.43 1686.79 1057.12 545.91 70% 70%
CT12 #3G 3.85 0.34 3.51 417.70 265.32 156.11 2% 106% 2% 106%
Uncleaned columns
CT12 #4E 106.65 3.36 103.29 1203.98 755.02 398.41 68% 69%
CT12 #4F 49.58 1.53 48.05 1228.42 770.97 405.70 32% 32%
CT12 #4G 0.89 0.27 0.62 106.46 70.57 62.89 0% 100% 1% 101%
CT12 #5E 71.11 1.68 69.44 1615.79 1011.49 523.24 46% 46%
CT12 #5F 85.51 2.24 83.28 1455.61 911.24 471.74 55% 55%
CT12 #5G 1.48 0.34 1.14 153.94 99.90 71.89 1% 101% 1% 102%
CT12 #6E 49.46 1.49 47.96 1256.39 787.91 414.72 31% 32%
CT12 #6F 101.68 2.65 99.04 1458.11 913.77 478.25 65% 65%
CT12 #6G 2.24 0.31 1.93 256.79 164.57 106.73 1% 98% 1% 99%
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Chemistry test 13 (CT13) was conducted to test a number of different solutions 
ability to elute Pb from the columns. Our spiked standard was passed through five 
columns following the same chemistry protocol as CT11 and CT12 for cleaning, 
conditioning and matrix element elution. Pb elution however was conducted in 
three steps consisting of 300 µL and 500 µL of the selected elution fluid followed by 
500 µL of 7 M HCl. The selected Pb elution fluids were 0.5 M HNO3, 2 M HNO3, 
H2O, 0.5 M HF and 7 M HCl. Another reference standard was also run during CT13 
which was used for all subsequent Pb yield calculations. The complete results of this 
test can be seen in Table 2.5. As shown, 7 M HCl eluted Pb faster than any other 
tested solution. Additionally, the Pb elution curve for 7 M HCl was narrow, with 
almost all Pb released in the first elution step. However, if 7 M HCl was used for Pb 
elution in a full double pass chemistry procedure, it would require evaporation and 
re-dissolving the samples in-between each pass (with the addition of HBr, 0.5 M 
HNO3 can be directly loaded onto the second pass and so does not need to undergo 
re-dissolution). As this would cause each Pb separation chemistry procedure to take 
an extra day, while also increasing the likelihood of Pb loss due to possible 
incomplete re-dissolution (due to very small sample size this cannot be visually 
monitored), it was deemed impractical. 2 M HNO3 and H2O were shown to have 
wide elution curves, while 0.5 M HF displayed significantly delayed Pb elution 
compared to the other solutions. The final Pb elution solution tested, 0.5 M HNO3 
(which was the solution we had previously been using for Pb elution), was shown to 
have a narrow elution curve, but with a slight elution delay compared to 7 M HCl.  
Nevertheless as 0.5 M HNO3 does not require re-dissolution in between the two 
passes, it remained our preferred Pb elution solution. In order to ensure that all Pb 
would be released during chemistry however, the protocols would need to be 
modified.  
Chemistry test 14 (CT14) was conducted to test the updated Pb separation 
chemistry. One spiked standard was passed through a full double pass procedure of 
our updated protocol. This update involved an increase in the amount of 0.5 M 
HNO3 used for Pb elution (from 230 µL to 350 µL) and restricting the amount of 
resin in each column to the bare minimum (total resin amount was reduced from 
~0.07 mL to 0.05 mL). The load, the matrix elution and the Pb elution step of each 
pass was collected and analysed. Additionally, an extra 7 M HCl step was added to 
the end of the second pass to pick up any Pb that may have remained in the column. 
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As shown in Table 2.6, CT14 was successful, with all the Pb eluted in the 0.5 M 
HNO3 elution step. Subsequently, the Pb separation chemistry protocols were 
updated to those described below in section 2.6. 
 
Table 2.5. Chemistry test 13 (CT13) 
E = 300 µL solution 
F = 500 µL solution 
G = 500 µL HCl 
Ref = reference standard 
 
 
 
Table 2.6. Chemistry test 14 (CT14) 
A = 300 µL load ( 1.0M HCl + 0.3M HBr) 
B and E = 350 µL 0.3 M HBr + 50 µl HCl 
D = 370 µL load (0.5M HNO3 + 0.3M HBr) 
C and F = 350 µL 0.5 M HNO3 
G = 500 µL 7 M HCl 
 
 
Modern % Rad Pb Frac. % Total Pb Frac. 
    Sample Name Total Pb, pg com Pb, pg Rad Pb, pg 206/204 207/204 208/204 /reference Comb. /reference Comb.
CT13 #Ref 155.50 3.40 152.10 1741.51 1089.06 563.71 100% 100%
0.5M HNO3
CT13 #1E 3.38 0.53 2.85 224.87 144.61 99.09 2% 2%
CT13 #1F 148.11 3.98 144.13 1411.64 885.52 465.52 95% 95%
CT13 #1G 2.46 0.94 1.51 81.34 55.27 55.78 1% 97% 2% 99%
H2O
CT13 #2E 102.87 2.19 100.68 1786.73 1117.85 580.17 66% 66%
CT13 #2F 37.28 1.35 35.93 1047.93 657.63 350.03 24% 24%
CT13 #2G 9.48 0.62 8.86 573.05 360.77 199.64 6% 96% 6% 96%
2.0M HNO3
CT13 #3E 87.82 2.89 84.93 1150.50 722.30 383.26 56% 57%
CT13 #3F 64.84 3.00 61.83 811.61 510.79 279.32 41% 42%
CT13 #3G 1.94 0.59 1.36 112.95 74.16 58.53 1% 97% 1% 100%
0.5M HF
CT13 #4E 0.53 0.41 0.12 31.02 23.53 39.80 0% 0%
CT13 #4F 121.96 3.30 118.67 1404.28 880.08 461.49 78% 79%
CT13 #4G 24.94 1.51 23.43 619.24 389.88 218.50 15% 93% 16% 95%
6.2M HCl
CT13 #5E 128.43 2.88 125.54 1693.66 1060.66 551.03 82% 83%
CT13 #5F 22.95 4.10 18.85 196.30 127.06 91.45 12% 15%
CT13 #5G 0.75 0.28 0.46 83.23 56.13 56.23 0% 95% 0% 98%
Modern % Rad Pb Frac. % Total Pb Frac.
    Sample Name Total Pb, pg com Pb, pg Rad Pb, pg 206/204 207/204 208/204 /reference Comb. /reference Comb.
1st pass
CT14 #1A - Load 0.24 0.25 -0.01 17.70 15.21 36.45 0% 0%
CT14 #1B - 0.19 0.23 -0.04 15.41 13.30 31.96 0% 0%
CT14 #1C - 0.25 0.21 0.05 28.97 22.18 39.09 0% 0%
2nd pass
CT14 #1D - Load 17.93 18.14 -0.22 18.13 15.71 38.54 0% 12%
CT14 #1E - 0.15 0.19 -0.03 14.80 13.45 31.84 0% 0%
CT14 #1F - 155.33 3.54 151.79 1668.12 1045.13 544.23 100% 100%
CT14 #1G - 0.35 0.34 0.01 21.76 17.69 35.38 0% 100% 0% 112%
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2.6 Updated chemistry protocols for Pb and U-Th separation 
The chemical separation of Pb was carried out using Eichrom AG1x8 200-400 
mesh anion exchange resin packed into reusable Teflon columns with 0.5 mL 
reservoir. As a result of the chemistry tests, the amount of resin packed into each 
column varied between the two protocols, with a volume of ~0.07 mL used in the 
previous protocol and exactly 0.05 mL used in the updated protocol. Samples were 
loaded onto the cleaned and conditioned columns in either 300 µL of 0.3 M HBr or 
300 µL of a 1.0 M HCl and 0.3 M HBr mix. As Pb is retained by the resin in the 
presence of HBr (hence the loading solutions above contained dilute HBr), all matrix 
elements, including U and Th, were eluted in 0.3 M HBr. The Pb fraction was then 
eluted using 0.5 M HNO3, with the volume used depending on whether the previous 
(230 µL) or updated (350 µL) protocol was used.   Each sample was passed through 
the columns twice to guarantee complete separation. To ensure Pb retention, 20 µL 
of 9 M HBr was added to each Pb fraction before loading the second pass. Prior to 
evaporation of the final Pb fraction, 20 µl of 0.02 N H3PO4 was added so that the 
dried down sample would be visible for filament loading. The complete chemical 
separation procedure for both the updated and previous protocol is presented in 
Table 2.2. 
After Pb separation, U and Th were separated using 0.05 mL of Eichrom 
UTEVA resin packed into 0.5 mL reusable Teflon columns (Table 2.2). To avoid 
cross-contamination of the resins, separate sets of columns with the same 
dimensions were used for U-Th chemistry and Pb chemistry. As the bulk fractions 
from Pb separation are eluted in HBr, all samples need to be converted prior to U-Th 
separation chemistry. Conversion to nitrate was achieved by drying down all bulk 
samples before dissolving them in 7 M HNO3. These samples were then dried down 
again before finally being and redissolved in 3 M HNO3, ready for loading onto 
cleaned and conditioned columns. The matrix elements were eluted using a 
combination of 3 M HNO3 and 3 M HNO3 + 1% H2O2 (H2O2 prevents Ti colloid 
formation), while U and Th were eluted using 200 µL of a 0.02 M HNO3 + 0.2 M HF 
mixture.  
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2.7 Analytical blanks 
Achieving small and reproducible laboratory blanks crucial for early Solar 
System chronology as meteorite samples generally contain low concentrations of U 
and radiogenic Pb. As a consequence, accurate measurement of analysis blanks is 
essential so that the correct isotopic subtraction can be made to the sample analyses. 
In this study analytical blanks for both U and Pb were run alongside all samples. In 
order to monitor the sources of U and Pb blank, blanks were split into two 
categories: leaching blanks and chemistry blanks. The leaching blanks consisted of 
the leaching process and sample digestion, while the chemistry blanks consisted of 
the chemical separation of Pb and U-Th using Teflon columns.  All final reported 
blank concentrations were calculated by combining the two blanks for the 
respective sample. All total procedural U blanks were under 0.1 pg of U, while all 
total procedural Pb blanks were between 0.3 pg and 6.2 pg of Pb. For a detailed 
description of the Pb blanks for individual leachates within each analytical batch see 
the procedures section within each subsequent analysis chapter.   
2.8 Mass spectrometry 
All Pb isotopes were analysed by Thermal Ionisation Mass Spectrometry (TIMS) 
on either the Thermo Fisher Triton Plus or the modified Finnigan MAT 261 at the 
Australian National University (ANU). Samples were loaded onto outgassed Re 
filaments. Outgassing was conducted at an atmosphere of ~3x10-7 mbar and at a current 
of 4 A. In order to improve the emission of Pb+, samples were loaded using Aldrich 
colloidal silica gel (SiO2Al2O3 0.5%) (Huyskens et al., 2012). Depending on the intensity 
of the ion beam, related to the amount of Pb on the filament, analyses were made using 
static mode on the multiple Faraday cups, or by peak jumping on the secondary 
electron multiplier (SEM). For the analysis of leaching and digestion blanks, both U and 
Pb were analysed by TIMS on either the Thermo Fisher Triton Plus or the modified 
Finnigan MAT 261 at the ANU.  
In order to monitor the accuracy and reproducibility of the data, the NIST 
SRM-981 standard and/or the EARLYTIME 1x standard (spiked with the same 
mixed tracer as the samples) was measured at least once in each analytical session. A 
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full overview of the all the 204Pb/206Pb, 207Pb/206Pb and 208Pb/206Pb ratios for the 
standard measurements run during the analytical sessions within this study can be 
seen in Figs 2.1 to 2.6. Other standard measurements were made by other users 
during the time period of this study; however this data is not presented here.  The 
total average of 34 analyses of SRM-981 (300 to 75 pg loads) measured on both the 
Triton Plus (Faraday and SEM) and MAT 261 (SEM) between June 2012 and 
September 2014 with 2 SD and 2 SE respectively was:  
204Pb/206Pb = 0.059067 ± 0.000070 (0.119%) 2 SD, ± 0.000012 (0.020%) 2 SE; 
207Pb/206Pb = 0.91466 ± 0.00088 (0.096%) 2 SD, ± 0.00015 (0.016%) 2 SE; 208Pb/206Pb = 
2.16679 ± 0.00285 (0.131%) 2 SD, 0.00049 (0.026%) 2 SE. The total average of 10 
analyses of EARLYTIME 1x (75 pg load size) measured on both the Triton Plus 
(SEM) and MAT 261 (SEM) between August 2014 and May 2015 with 2 SD and 2 SE 
respectively was: 204Pb/206Pb = 0.000456 ± 0.000029 (6.287%) 2 SD, ± 0.000009 
(1.988%) 2 SE; 207Pb/206Pb = 0.62426 ± 0.00044 (0.070%) 2 SD, ± 0.00014 (0.022%) 2 
SE; 208Pb/206Pb = 0.32065 ± 0.00127 (0.395%) 2 SD, ± 0.00037 (0.115%) 2 SE. The 
large errors on the 204Pb/206Pb ratio for EARLYTIME 1x are due to the low 204Pb 
contents and the small load size of the standard (which replicates highly radiogenic 
samples). 
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Figure 2.1. Plot of 204Pb/206Pb ratios for all SRM-981 standards run between June 2012 and September 
2014 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
analytical sessions. FAR = Faraday measurements. SEM = Secondary electron multiplier 
measurements 
 
 
Figure 2.2. Plot of 207Pb/206Pb ratios for all SRM-981 standards run between June 2012 and September 
2014 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
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analytical sessions. FAR = Faraday measurements. SEM = Secondary electron multiplier 
measurements 
 
Figure 2.3. Plot of 208Pb/206Pb ratios for all SRM-981 standards run between June 2012 and September 
2014 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
analytical sessions. FAR = Faraday measurements. SEM = Secondary electron multiplier 
measurements 
 
As multiple mass spectrometers and detectors were used in this study, the 
reproducibility of each individual factor was also considered before applying the 
reproducibility calculations to the individual analysis. The average value with errors 
in both 2 SD and 2 SE for each isotope ratio with each standard on all detectors used 
can be seen in Figs. 2.1 to 2.6. The 207Pb/206Pb and 208Pb/206Pb ratios show 
discrepancies between both the detector and the instrument used. Due to the larger 
number of measurements, this is most noticeable with the SRM-981 standard which 
showed a 207Pb/206Pb difference of 0.00107 (0.116%) and a 208Pb/206Pb difference of 
0.003221 (0.149%) between the averages of the SEM measurements made on the 
Triton Plus and the modified MAT 261 (Figs 2.2 and 2.3). For comparison, the 
204Pb/206Pb difference between the Triton Plus SEM and the MAT 261 SEM average 
measurements was 0.000004 (0.006%). The EARLYTIME 1x standard showed 
207Pb/206Pb and 208Pb/206Pb differences of 0.051% and 0.172% respectively between 
the Triton Plus SEM and the MAT 261 SEM averages. The precision of the 
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207Pb/206Pb and 208Pb/206Pb measurements also varied depending on the detector used, 
with the Triton Plus Faraday measurements showing over twice the precision of the 
two SEM detectors (Triton Plus and MAT 261). As a result of these differences, the 
overall errors were not used in the reproducibility calculations. Instead, the errors 
for both the corresponding standard and corresponding detector were quadratically 
added to the respective isotopic ratios measured in the samples. The EARLYTIME 1x 
standard was used for all highly radiogenic measurements (204Pb/206Pb ratio < 0.00125 
(206Pb/204Pb > 700)) made after July 2014 and for all analysis which only 
EARLYTIME 1x standard was measured, while SRM-981 was used for all others.  
 
Table 2.7. Comparison of average 204Pb/206Pb, 207Pb/206Pb and 208Pb/206Pb ratios for SRM-981 
measurements made in this study and both Amelin (2008a) and Amelin and Davis (2006) (% Errors 
are 2 SD). 
 
 
In comparison to Amelin (2008a) and Amelin and Davis (2006) (Table 2.7), 
studies which also used the 202Pb-205Pb double spike, the SRM-981 standards run 
over the course of this study showed over double the overall 2 SD error for 
207Pb/206Pb (0.096% compared to 0.018% and 0.038% respectively) and 208Pb/206Pb 
(0.131% compared to 0.027% and 0.039% respectively). In contrast however, the 
204Pb/206Pb 2 SD errors in this study were significantly smaller, with Amelin (2008a) 
and Amelin and Davis (2006) recording a 2 SD error of 0.24% and 0.25% 
respectively (compared to 0.12% in this study). As discussed above, the different 
instruments and detectors used in this study show offsets in both 207Pb/206Pb and 
208Pb/206Pb while being consistent in 204Pb/206Pb. As both Amelin (2008a) and Amelin 
and Davis (2006) conducted all their measurements using Faraday detectors on a 
Triton TIMS, the larger errors in both 207Pb/206Pb and 208Pb/206Pb is this study are 
likely due to the use of multiple instruments and detectors. When the previous 
studies are compared to just the Triton Plus Faraday measurements in this study the 
 204/206  204/206  207/206  207/206  208/206  208/206 
Source  (tot.)     %err   (tot.)     %err   (tot.)     %err  
This study - Overall 0.059067 0.119 0.91466 0.096 2.16679 0.131
This Study - Triton Plus FAR 0.059048 0.152 0.91475 0.025 2.16734 0.030
This Study - Triton Plus SEM 0.059077 0.097 0.91443 0.074 2.16596 0.107
This Study - MAT 261 SEM 0.059073 0.018 0.91550 0.066 2.16919 0.083
Amelin and Davis 2006 0.059022 0.247 0.91470 0.038 2.16770 0.039
Amelin 2008 0.059042 0.240 0.91483 0.018 2.16771 0.027
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errors are more comparable, with 2 SD errors for 207Pb/206Pb and 208Pb/206Pb of 
0.025% and 0.030% respectively. As seen in Table 2.7, when the SRM-981 ratio 
averages are compared over these three studies it can be seen that all three ratios 
(204Pb/206Pb, 207Pb/206Pb and 208Pb/206Pb) are in close agreement for Amelin (2008a), 
Amelin and Davis (2006) and the Triton Plus Faraday measurements in this study. In 
contrast, the Triton Plus SEM and MAT 261 SEM measurements in this study show 
an offset in both 207Pb/206Pb and 208Pb/206Pb. 
As SEM detectors experience drift over time it is not uncommon for standard 
measurements on the SEM to experience greater inter-session variation relative to 
faraday cup measurements. Nevertheless, as the standard measurements (especially 
SRM-981) run in this study do show significant offsets in the 207Pb/206Pb and 
208Pb/206Pb ratios measured between the different detectors, the effect of this on the 
samples needs to be explored.  The SRM-981 measurements made on the Triton Plus 
SEM show an overall scatter in both 207Pb/206Pb and 208Pb/206Pb rather than a 
systematic offset. Additionally, this scatter is present as both inter and intra-session 
variability. As a consequence, for the purpose of this study no corrections were 
applied to the 207Pb/206Pb and 208Pb/206Pb ratios of measurements made on the Triton 
Plus SEM. The SRM-981 measurements conducted on the MAT 261 SEM appear to 
show a systematic offset in both 207Pb/206Pb (0.082%) and 208Pb/206Pb (0.085%). 
Although there is some intra-session variability, this variability shows consistently 
higher 207Pb/206Pb and 208Pb/206Pb ratios than the Triton Plus faraday measurements. 
In addition to the SRM-981 measurements, the EARLYTIME 1x standard 
measurements also show visible offsets in 207Pb/206Pb and 208Pb/206Pb (relative to the 
Triton Plus SEM). This suggests that at the time of the MAT 261 SEM measurements 
conducted in this study, the SEM detector was experiencing significant drift. As a 
consequence, measurements made on this detector underwent corrections which are 
outlined in their subsequent chapters (see chapter 4 and chapter 5). The cause of this 
SEM drift was not able to be investigated in detail during the timescale of this 
project. Nevertheless, it was likely caused by the slow change of the SEM yield as a 
result of the accumulation of counts. This is corrected for by periodic yield re-
calibrations and adjustments in the SEM operating voltage in order to keep the yield 
on the plateau of the yield vs. voltage curve. Still, some accumulation of yield errors 
between re-calibrations can result in extra variability within SEM measurements. 
Although not reported here, other standard Pb measurements made on both the 
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Triton Plus SEM and MAT 261 SEM at the ANU do not show such significant 
offsets. As such, the offset in the 207Pb/206Pb and 208Pb/206Pb ratios seen in this study 
on the MAT 261 SEM is not a systematic problem. Nevertheless, constant standard 
monitoring should be undertaken so that significant SEM drift can be identified and 
corrected when it occurs. 
 
 
Figure 2.4. Plot of 204Pb/206Pb ratios for all EARLYTIME 1x standards run between August 2014 and 
May 2015 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
analytical sessions. SEM = Secondary electron multiplier measurements 
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Figure 2.5. Plot of 207Pb/206Pb ratios for all EARLYTIME 1x standards run between August 2014 and 
May 2015 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
analytical sessions. SEM = Secondary electron multiplier measurements 
 
 
Figure 2.6. Plot of 208Pb/206Pb ratios for all EARLYTIME 1x standards run between August 2014 and 
May 2015 (date run is on the x axis). Error bars are 2 SD. Gaps in the dates on the x axis separate total 
analytical sessions. SEM = Secondary electron multiplier measurements 
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All U and Th measurements were analysed by isotope dilution using a Thermo 
Fisher Neptune Plus multicollector inductively coupled plasma mass spectrometer (MC-
ICPMS) with a Cetac Aridus 2 desolvating nebuliser at the ANU. Measurements were 
conducted using the Faraday cups in static mode measuring 229Th, 232Th, 233U, 234U, 235U, 
236U and 238U. Mass fractionation was corrected for by exponential law normalisation 
using the measured 233U/236U. Each analysis was followed by a 5 to 10 minute wash out 
with 0.5 M HNO3 and 0.5 M HNO3 + 0.06 M HF (HF encourages removal of Th) to 
bring the signal down to background levels. 
2.9 Data reduction 
Calculating the mass fractionation of Pb and U isotopes is done automatically 
by the TIMS (Pb) and ICP-MS (U) software during analysis. This calculation is 
simplified by the fact that the U and Pb isotopes in the spike (202Pb-205Pb-233U-236U) 
are artificial and not produced by nature. Thus, the fractionation between the 
isotopes in the spike can be calculated by comparing the measured values to the 
known value. This can then be applied to the natural isotopes measured from the 
sample. 
The calculation of all final U-Pb isotopic ratios, their errors and error 
correlations (corrected for fractionation and blanks) were made using version 1.24 of 
the PBDAT program (Ludwig, 1993).  The mean isotopic ratios used in PBDAT were 
calculated using the “weighted average” function of Isoplot Ex 3.70 (Ludwig, 2008). 
All isochrons were also calculated using Isoplot Ex using the Model 1 regression 
(Ludwig, 2008). Model 1 assumes that all scatter from a straight line is because of 
assigned error. Therefore, all points are weighted proportionally to the inverse 
square of their errors. When the probability of fit is high, then the assumptions of 
Model 1 are deemed justified. However, if the probability of fit is low, then the 
assumptions of Model 1 are incorrect. In this case, Isoplot calculates the 95%-
confidence errors from the observed scatter. The Model 2 fit, which assigns equal 
weights and zero error-correlations to each point, could be used for isochrons which 
achieve a low probability of fit. However, this is unsuitable for Pb-Pb isochrons 
because of large variations in analytical precision between analyses and strong 
correlation of errors between 204Pb/206Pb and 207Pb/206Pb (Amelin, 2008a). 
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3 U-Pb and Al-Mg systematics of the ungrouped 
achondrite Northwest Africa 7325 
Note: This chapter has been published under ‘U-Pb and Al-Mg systematics of the ungrouped 
achondrite Northwest Africa 7325’, Koefoed P., Amelin Y., Yin Q.-Z., Wimpenny J., 
Sanborn M. E., Iizuka T. and Irving A. J. (2016) Geochim. Cosmochim. Acta 183, 31-45. 
For consistency and clarity, the publication abstract and appendix have been omitted from 
the thesis. 
 
3.1 Introduction 
New meteorite finds and falls are often met with great interest, especially if the 
sample is rare and well preserved. For the chronology of early planetesimals, newly 
discovered achondrites provide an opportunity to improve our knowledge of the timing 
of planetesimal formation and the onset of igneous processes in the Solar System.  
Northwest Africa (NWA) 7325 is a recently found ungrouped achondrite, which offers 
an exciting prospect. Found near an active spring at Bir Abbas in southern Morocco in 
February 2012, this unique meteorite may potentially provide insights into a previously 
un-sampled differentiated planetary body. Furthermore, similarities between NWA 
7325 and the surface rocks of Mercury shown by recent MESSENGER mission data 
have triggered speculation that it may originate from the planet Mercury (Irving et al., 
2013). As a result, NWA 7325 has become a primary target for various isotopic dating 
studies, among which the U-Pb and Al-Mg systems are crucial.  
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NWA 7325 has a medium-grained plutonic texture and consists mainly of calcic 
plagioclase (~55%), diopside (~30%) and lobate grains of forsterite (~15%), with minor 
Cr-troilite, low-Ni kamacite, ferrochromite, taenite and eskolaite (Irving et al., 2013; 
Morlok et al., 2013).  As NWA 7325 exhibits unusual porosity, the pores may represent 
former oldhamite grains dissolved during terrestrial residence at the find site near an 
active spring. Relative to chondrites, this meteorite is significantly depleted in large ion 
lithophile trace elements, while its rare earth element (REE) pattern shows overall 
depletion in REE abundances and a large positive Eu anomaly (Barrat et al., 2015; Irving 
et al., 2013). This REE pattern combined with the sub-chondritic Mn/Mg ratio of the 
olivine and the high-Ca pyroxene-rich mineralogy, indicates that NWA 7325 formed as 
a plagioclase rich cumulate from mafic magma (Barrat et al., 2015; Goodrich et al., 2014; 
Irving et al., 2013). Some of the plagioclase, however, has been shown to have formed 
from a secondary melting event, which, based on the weak shock (S2) in the olivine, 
may not be impact generated (Weber et al., 2016). Oxygen isotope analyses indicate 
that NWA 7325 plots on the same trend as ureilites and on an extension of the 
established trends of winonaites and acapulcoites/lodranites (Barrat et al., 2015; Irving 
et al., 2013; Jabeen et al., 2014). However as NWA 7325 shares no petrologic or 
chemical resemblance to acapulcoites/lodranites, and has resolvable differences to 
ureilites in 54Cr/52Cr ratio, it has been suggested NWA 7325 likely originated on a parent 
body distinct from both (Barrat et al., 2015; Irving et al., 2013; Kita et al., 2014; Sanborn 
et al., 2013). Nevertheless, it is possible that the NWA 7325 parent body accreted from 
an inner Solar System reservoir isotopically similar to that of acapulcoites (similar in 
both 54Cr and 17O), but subsequently evolved in 18O by aqueous alteration mass 
dependently.  
Analysis of Mercury’s surface composition by the MESSENGER spacecraft has 
provided a possible candidate for the parent body of NWA 7325. Comparisons show 
that the ratios of Al/Si (0.447), Mg/Si (0.332) and Fe/Si (0.055) of NWA 7325 match 
closely with those measured by X-ray and γ-ray spectrometer mapping of the surface of 
Mercury (Irving et al., 2013; Weider et al., 2012). NWA 7325 also has an anomalously 
low magnetic paleointensity (<1 µT) which is unique among achondrites and matches 
that of Mercury (Weiss et al., 2008; Weiss et al., 2013 Weiss et al., 2014). In addition, 
the highly-reduced oxidation state of the meteorite is consistent with formation in a 
near-Sun environment such as Mercury (Sutton et al., 2014). There are however some 
data, such as the Ca/Si ratio that may contradict the possibility of NWA 7325 
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originating from Mercury (Irving et al., 2013). Whether or not NWA 7325 is from 
Mercury is still undetermined and may remain so until a returned sample becomes 
available. It is clear, however, that this meteorite represents a previously unsampled 
unique differentiated planetary body.  
Precise and accurate age data are essential to determining the origin of NWA 7325 
and understanding its parent body. Preliminary age data for NWA 7325 have been 
presented using both the long-lived (absolute) U-Pb (4562.5 ± 4.4 Ma) and short-lived 
(relative) Al-Mg (4562.8 ± 0.3) chronometers by Amelin et al. (2013) and Dunlap et al. 
(2014) respectively. In this study, we conduct a detailed analysis of both chronometer 
systems (U-Pb and Al-Mg) and determine an overall age for NWA 7325. Currently, the 
only absolute isotopic chronometer able to produce the resolution needed for high 
precision dating of the early Solar System, is the U-Pb system (Amelin and Davis, 2006; 
Connelly et al., 2012). There are a number of short-lived isotope chronometers such as 
26Al-26Mg, 53Mn-53Cr and 182Hf-182W, which have been used successfully in different 
situations (e.g. Glavin et al., 2004; Holst et al., 2013; Markowski et al., 2007; Moynier et 
al., 2007; Nyquist et al., 2009; Schiller et al., 2010a; Spivak-Birndorf et al., 2009; 
Wadhwa et al., 2009; Yin et al., 2007). In particular, the 26Al-26Mg system (t1/2 ~0.71 
Myr) has proven to be very successful at achieving the high-resolution ages needed for 
establishing the chronology of the early Solar System (Bouvier et al., 2011b; Schiller et 
al., 2010a; Spivak-Birndorf et al., 2009; Yin et al., 2013). In addition, a number of recent 
investigations have shown the existence of live 26Al in multiple achondrites at the time 
of their formation (Bizzarro et al., 2005; Schiller et al., 2010a; Spivak-Birndorf et al., 
2009). This indicates that 26Al might have been a major heat source for planetesimal 
differentiation in the early Solar System (Lee et al., 1977; Urey 1955; Wasserburg 1987).  
3.2 Procedures 
3.2.1 U-Th-Pb analysis 
Analysis of Pb isotopic composition and U and Th concentrations was conducted 
on ten fractions, consisting of seven pyroxene and three whole rock fractions. Two 
different leaching procedures were used over three batches (A47, A53 and A93) of 
analyses. Both procedures began with between one to three acetone rinses prior to acid 
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leaching. The first procedure, which was undertaken on A47 and A53, is similar to that 
of Amelin (2008a), whereby two leaching steps were used prior to complete dissolution 
in concentrated HF and HNO3 at a 3:1 ratio. The first leaching step (wash 1) involved 5 
washes in 0.5 M HNO3 with 10 minutes of ultrasonic agitation in each wash. The 
second leaching step (wash 2) consisted of two 7 M HNO3 washes and two 6.2 M HCl 
washes, with each wash left on a hotplate for 1 hour at ~110° C. The second procedure, 
which was undertaken on A93, is identical to the first procedure, but with the addition 
of a third leaching step prior to complete dissolution. This step involved one 0.5 M HF 
wash for 1 hour at ~110° C. All washes and residues were spiked with a mixed 202Pb-
205Pb-229Th-233U-236U tracer (Amelin et al., 2010). 
The chemical separation of Pb was carried out using ~0.05 mL of Eichrom AG1x8 
200-400 mesh anion exchange resin packed into 0.5 mL reusable Teflon columns. All 
matrix elements were eluted in 0.3 M HBr, while Pb was eluted with 0.5 M HNO3. Each 
sample was passed through the columns twice to ensure complete separation. After Pb 
separation, U and Th were separated using ~0.05 mL of Eichrom UTEVA resin. The 
matrix elements were eluted using a combination of 3 M HNO3 and 3 M HNO3 + 1% 
H2O2, while U and Th were eluted using 0.02 M HNO3 + 0.2 M HF. More details of the 
preparation and column chemistry procedures are given in Iizuka et al. (2014). 
All Pb isotopes for NWA 7325 were analysed using the Thermo Fisher Triton Plus 
Thermal Ionisation Mass Spectrometer (TIMS) at the Australian National University 
(ANU). In order to improve the emission of Pb+, samples were loaded using Aldrich 
colloidal silica gel (SiO2Al2O3 0.5%) (Huyskens et al., 2012). Depending on the intensity 
of the ion beam, related to the amount of Pb on the filament, analyses were made using 
static mode on the multiple Faraday cups, or by peak jumping on the secondary 
electron multiplier (SEM). In order to monitor the accuracy and reproducibility of the 
data, the NIST SRM-981 standard (spiked with the same mixed tracer as the samples) 
was measured at least once in each analytical session. Leaching and digestion blanks of 
both U and Pb were analysed by TIMS on either the Thermo Fisher Triton Plus or the 
modified Finnigan MAT 261 at the ANU. Total procedural Pb blanks ranged from 0.6 to 
6.2 pg, while the residue blanks consisted of 2.0 pg, 1.5 pg and 0.6 pg of Pb for batches 
A47, A53 and A93 respectively.  
All U and Th measurements for NWA 7325 were analysed by isotope dilution 
using a Thermo Fisher Neptune Plus multicollector inductively coupled plasma mass 
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spectrometry (MC-ICPMS) with a Cetac Aridus 2 desolvating nebuliser at the ANU. 
Measurements were conducted using the Faraday cups in static mode measuring 229Th, 
232Th, 233U, 234U, 235U, 236U and 238U. Mass fractionation was corrected for by exponential 
law normalisation using the measured 233U/236U. Each analysis was followed by a 5 to 10 
minute wash out with 0.5 M HNO3 and 0.5 M HNO3 + 0.06 M HF (HF encourages 
removal of Th) to bring the signal down to background levels. 
3.2.2 Al-Mg analysis 
Analyses of the Al-Mg isotopic systematics were made using seven fractions 
consisting of four plagioclase fractions and single fractions of pyroxene, olivine and 
whole rock. Each fraction was ultrasonically cleaned in MQ water before complete 
dissolution in concentrated HF:HNO3 at a 3:1 ratio. After dissolution, a 1% aliquot of 
each sample solution was saved for 27Al/24Mg ratio determination. The remainder was 
processed through a cation exchange column in order to separate Mg from the sample 
matrix. This separation was carried out by eluting the samples through ~0.75 mL of 
BioRad AG50W-X12 resin (200-400 mesh) in 1 M HNO3. A 0.15 M HF rinse step was 
also added to remove Al and Ti from the column while leaving Mg unaffected. To 
ensure complete separation of Mg, the column chemistry procedure was repeated 
before being dried down and redissolved in 1 mL of 2% HNO3. For a more detailed 
description of the Mg column chemistry procedure see Wasserburg et al. (2012) and 
Wimpenny et al. (2014a,b). 
Both the Mg isotopic compositions and 27Al/24Mg ratios were measured on a 
Thermo Neptune Plus MC-ICPMS in the Department of Earth and Planetary Sciences 
at the University of California Davis. 27Al/24Mg ratios were obtained directly by 
measuring 27Al and 24Mg ion beams and calibrating against five reference materials with 
a range of well-known 27Al/24Mg ratios [BCR-2 (3.77), BHVO-2 (1.87), AGV-2 (9.45), 
Peace River Chondrite (0.093), San Carlos Olivine (0.01)]. The Mg isotopic 
compositions of the samples were analysed by aspiration of the sample solution using an 
ESI APEX IR desolvating nebuliser which suppresses oxide interferences and increases 
sensitivity. These isotope measurements were made in medium resolution to avoid the 
CN+ peak on 26Mg, which cannot be resolved at low resolution. To assess the accuracy of 
our measurements, the pure Mg standard CAM-1 was routinely measured throughout 
each analytical session. The accuracy of the column chemistry was monitored by 
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processing and measuring a USGS basalt standard, BCR-2, at the same time as the NWA 
7325 mineral fractions. The accuracy and reproducibility of radiogenic 26Mg component 
(δ26Mg *) was assessed by measurement of BCR-2, which by definition should have a 
δ26Mg * value of 0. For a detailed description of how the radiogenic 26Mg component 
(δ26Mg *) in samples and standards was calculated see Wasserburg et al. (2012). 
3.3 Results 
3.3.1 U-Th-Pb system 
Measured U-Th-Pb abundances and isotopic data for NWA 7325 acid washes and 
residues are shown in Table 3.1. The concentrations are calculated using sample weights 
before acid leaching. Total concentrations (calculated by combining the concentrations 
in all the wash and residue samples) for each fraction were also calculated. Because 
leaching can remove both the elements that reside in primary minerals and those in the 
interstitial material, and secondary minerals produced by alteration and weathering, the 
combined value represents the maximum, while the residues represent the minimum 
values for the primary concentrations. 
 
 
 
 
Table 3.1. NWA 7325 U-Pb isotopic data for acid washed whole rock and pyroxene fractions. 
 
*Radiogenic Pb, corrected for non-radiogenic Pb using 204Pb and the primordial Pb isotopic composition from Tatsumoto et al. (1973).  
Sample   Fraction U U Pb Pb  
206
Pb/
204
Pb  
206
Pb/
204
Pb
 207
Pb/
206
Pb
 207
Pb/
206
Pb Error Corr.
 207
Pb*/
235
U
 207
Pb*/
235
U
 206
Pb*/
238
U
 206
Pb*/
238
U
207
Pb*/
206
Pb*
207
Pb*/
206
Pb* U-Pb
ppb pg ppb pg  (total) %error  (total) %error  4/6-7/6    %err     %err  Age (Ma) Age error % discord.
A47
A47 6W1 Pyroxene 5.3 57.9 126.0 1370.9 18.2462 0.163 0.856128 0.0214 0.00400 275.59 0.464 3.35409 0.38 4498.09 2.2969 -232.3
A47 7W1 Pyroxene 5.2 58.0 109.5 1229.4 18.2053 0.164 0.857530 0.0215 0.00500 246.68 0.454 2.99381 0.37 4502.16 2.3109 -196.3
A47 8W1 Whole Rock 4.6 93.3 113.0 2316.1 18.8023 0.162 0.833820 0.0215 0.00050 287.24 0.357 3.67422 0.23 4425.60 2.3786 -272.3
A47 6W2 Pyroxene 0.3 2.8 14.3 156.1 18.8203 0.179 0.831025 0.0461 0.05100 635.37 3.320 8.20003 3.30 4412.61 3.0811 -734.4
A47 7W2 Pyroxene 0.3 3.8 18.5 207.5 18.9096 0.225 0.829081 0.0312 0.03900 636.48 3.810 8.23377 3.80 4409.16 3.3154 -738.7
A47 8W2 Whole Rock 0.3 5.2 25.0 512.6 18.5463 0.174 0.832918 0.0272 0.00800 1109.38 1.810 14.42490 1.78 4401.70 2.7761 -1372.8
A47 6R Pyroxene 0.8 8.4 2.5 26.8 66.5783 12.800 0.689559 0.9990 0.96826 86.48 5.720 1.00861 5.82 4558.88 7.1441 1.9
A47 7R Pyroxene 0.7 8.3 2.0 22.5 111.2820 27.500 0.662532 1.4100 0.99212 82.70 6.350 0.96422 6.50 4559.30 5.5210 6.3
A47 8R Whole Rock 0.2 4.7 0.6 12.8 58.7058 22.300 0.693192 2.0700 0.99383 70.61 12.300 0.83209 12.70 4543.72 9.6729 18.7
A53
A53 31W1 Pyroxene 0.8 3.0 13.7 50.6 18.5674 0.264 0.843043 0.0909 0.16400 194.59 5.319 2.43864 5.38 4455.45 4.7788 -144.8
A53 43W1 Pyroxene 0.3 2.2 6.1 38.9 18.6931 0.267 0.837677 0.0822 0.26410 209.13 7.063 2.65369 7.12 4437.33 4.3167 -167.9
A53 47W1 Pyroxene 0.7 9.0 17.6 242.7 18.5377 0.169 0.844776 0.0271 0.04000 311.99 1.337 3.89224 1.32 4462.05 2.4759 -290.0
A53 50W1 Pyroxene 0.6 10.2 11.8 196.0 18.7936 0.172 0.833982 0.0260 0.05300 222.37 1.447 2.84410 1.43 4425.79 2.5391 -188.2
A53 31W2 Pyroxene 0.0 0.2 3.9 14.4 18.0323 0.602 0.865549 0.5020 0.67027 910.38 46.724 10.84160 47.00 4529.66 17.2709 -963.8
A53 43W2 Pyroxene 0.0 0.2 1.8 11.7 18.6365 0.602 0.839192 0.2820 0.39460 620.40 46.841 7.85289 47.00 4440.92 11.5478 -692.0
A53 47W2 Pyroxene 0.1 0.7 4.2 57.3 18.8105 0.453 0.831451 0.0653 0.10400 901.08 11.763 11.61750 11.70 4414.08 6.5852 -1081.5
A53 50W2 Pyroxene 0.0 0.5 2.4 39.5 18.8447 0.254 0.830283 0.0777 0.34850 966.88 18.084 12.49580 18.10 4410.58 3.8993 -1172.3
A53 31R Pyroxene 0.8 2.8 7.6 28.1 25.9310 2.160 0.793371 0.2850 0.91370 172.67 7.372 2.02536 7.61 4550.57 7.1036 -97.4
A53 43R Pyroxene 0.7 4.8 4.2 27.2 36.0783 4.910 0.748106 0.5880 0.98657 123.50 6.435 1.43619 6.64 4563.05 5.9690 -39.4
A53 47R Pyroxene 0.5 6.9 3.9 53.4 28.6210 1.520 0.776027 0.2080 0.95098 142.48 3.578 1.67486 3.69 4547.46 3.5089 -63.4
A53 50R Pyroxene 0.6 9.5 2.1 35.4 58.5269 7.990 0.699350 0.7060 0.99338 97.57 4.359 1.13688 4.48 4560.21 3.7819 -10.5
A93
A93 1W1 Pyroxene 1.9 29.0 78.9 1200.0 18.4715 0.163 0.846918 0.0214 0.00300 479.37 0.483 5.95573 0.40 4468.09 2.3296 -495.6
A93 3W1 Whole Rock 7.4 393.4 225.1 11928.9 18.7161 0.161 0.836975 0.0213 0.00002 350.67 0.333 4.45554 0.19 4435.43 2.3627 -350.1
A93 4W1 Whole Rock 3.4 153.8 196.7 8850.6 18.6134 0.161 0.840578 0.0209 0.00004 665.23 0.339 8.38949 0.20 4446.29 2.3468 -744.7
A93 1W2 Pyroxene 0.1 1.1 6.9 105.4 18.2872 0.183 0.853021 0.0590 0.22430 1065.61 7.803 13.08180 7.82 4485.50 3.0693 -1201.2
A93 3W2 Whole Rock 0.1 7.4 26.8 1419.8 18.5856 0.162 0.839114 0.0215 0.00200 2191.34 1.301 27.81620 1.27 4436.81 2.3917 -2709.0
A93 4W2 Whole Rock 0.3 11.5 22.1 992.8 18.4906 0.163 0.835290 0.0220 0.00400 963.69 0.844 12.46100 0.79 4409.82 2.5266 -1169.0
A93 1W3 Pyroxene 0.1 0.8 1.7 26.1 23.6001 1.230 0.800309 0.1930 0.91400 527.70 12.277 6.36573 12.40 4510.96 4.8667 -528.2
A93 3W3 Whole Rock 0.1 5.3 0.9 46.3 19.8271 0.271 0.819836 0.0669 0.51207 108.01 3.931 1.38246 3.95 4424.67 3.0208 -40.1
A93 4W3 Whole Rock 0.1 3.7 0.4 18.8 20.6926 0.804 0.805086 0.2420 0.87644 63.53 9.184 0.82423 9.20 4405.06 4.6308 15.9
A93 1R Pyroxene 0.5 7.4 1.4 20.7 57.5798 5.110 0.699146 0.4630 0.99329 75.89 2.990 0.88680 3.06 4557.21 2.4348 13.7
A93 4R Whole Rock 0.6 26.4 3.9 174.4 21.2217 0.175 0.819953 0.0248 0.07200 93.32 0.630 1.13469 0.60 4499.43 1.8606 -12.4
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3.3.2 U concentrations 
The total U concentrations for all the fractions (combination of washes and 
residues for each fraction) range from 1.1 to 6.4 ppb. This concentration of U is very 
low compared to other achondrites (e.g. D’Orbigny = 47 to 78 ppb, Ibitira = 16 to 108 
ppb) (Amelin, 2008a; Iizuka et al., 2014).  Of the A47 fractions, the whole rock fraction 
has the lowest concentration (5.0 ppb) while the pyroxenes are almost identical (6.2 to 
6.4 ppb). In contrast, the whole rock fraction in A93 has a higher U concentration (4.3 
ppb) than the pyroxene fraction (2.5 ppb). The U concentrations of the A53 fractions 
(1.1 to 1.6 ppb) are all lower compared to the A47 (5.0 to 6.4 ppb) and A93 (2.5 to 4.3 
ppb) fractions. However, this difference appears to be in the washes rather than the 
residues. U concentrations in the pyroxene residues are from 0.5 to 0.8 ppb. The U 
variability between analyses and the low total concentrations makes it hard to assess 
and compare to other meteorites. Nevertheless, it appears probable that the A53 
fractions were cleaner going into the acid leaching procedure relative to A47 and A93. 
One possible cause could be external contamination of the A47 and A93 fractions. 
However, the higher U concentrations in the 2nd washes of A47 and A93 relative to A53 
indicate that this is unlikely. Another possible cause could be variations in pre-cleaning, 
such as acetone washing. 
3.3.3 Pb concentrations and isotopic ratios 
Throughout acid leaching, non-radiogenic Pb is preferentially removed resulting 
in the residues consisting of more radiogenic Pb (206Pb/204Pb from 25.9 to 111.2) relative 
to the washes (206Pb/204Pb from 18.0 to 18.9). Compared to other achondrites e.g., Ibitira 
(206Pb/204Pb of 215 to 5507) and Sahara 99555 (206Pb/204Pb of 1173 to 6675), the NWA 
7325 residues are relatively un-radiogenic (Amelin, 2008b; Iizuka et al., 2014). This is 
most likely due to the low U concentrations of the meteorite, resulting in lower 
accumulation of radiogenic Pb.  Based on the % discordance against 206Pb/204Pb and 
model 207Pb*/206Pb* ages against 206Pb/204Pb  (Figs. 3.1 and 3.2), the pyroxene residues 
with a 206Pb/204Pb ratio of less than about 50 appear to have some Pb contamination 
with non-radiogenic Pb, as indicated by higher discordance and younger model ages. 
This is probably a result of either incomplete wash extraction or acid washing that was 
too gentle.  
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Figure 3.1. Plot of % discordance against 206Pb/204Pb for all washes and residues. Errors are 2 sigma. 
 
The total Pb concentrations for NWA 7325 show varying trends between each 
analysis batch, with A47 ranging from 130 to 143 ppb, A53 from 12 to 26 ppb and A93 
from 89 to 219 ppb (appendix A). On closer inspection, however, it appears that most of 
this variation occurs as non-radiogenic Pb within the 1st washes. The variable amounts 
of non-radiogenic Pb can be attributed to different pre-treatments (e.g., the number of 
acetone rinses) undertaken prior to the acid leaching procedures. The Pb concentrations 
in the residues for all analyses range from 1.4 to 7.6 ppb for pyroxene and 0.6 to 3.9 ppb 
for whole rock. Much of this variation appears directly related to the amount of non-
radiogenic Pb in each of the residues, with the more radiogenic residues containing less 
overall Pb. This indicates that the Pb concentration variability in the residues is a result 
of incomplete removal of non-radiogenic Pb.  
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Figure 3.2. Plot of 207Pb/206Pb model age against 206Pb/204Pb for all washes and residues. Errors are 2 
sigma. 
 
3.3.4 Pb-Pb dates 
A plot of 207Pb/206Pb vs. 204Pb/206Pb for all residues and washes (both pyroxene and 
whole rock fractions) can be seen in Fig. 3.3. The isochron presented on this figure is 
regressed using the pyroxene residues only. The washes were excluded from the 
isochron because they plot on a line from the modern terrestrial Pb value defined by 
Stacey and Kramers (1975) to the defined isochron. The regression line defined by the 
pyroxene residues passes within error of the primordial Pb composition of Tatsumoto et 
al. (1973), indicating that the remaining non-radiogenic Pb (after blank subtraction) in 
the residues is mainly initial Pb. The isotope compositions of the washes are similar to 
the modern terrestrial upper crust composition (Stacey and Kramers, 1975), indicating 
that their non-radiogenic Pb is mostly terrestrial contaminant Pb .  
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Figure 3.3. Plot of 207Pb/206Pb versus 204Pb/206Pb for all NWA 7325 washes and residues. The isochron 
regression and 95% error envelope are shown by the solid and dashed lines respectively and are only 
from pyroxene residue fractions. Also shown are the isotopic composition of primordial Pb for 
Canyon Diablo troilite (CDT) (Tatsumoto et al., 1973) and Modern terrestrial Pb (MT) (Stacey and 
Kramers, 1975). For clarity, errors for single points not shown. 
 
All Pb-Pb ages for NWA 7325 were calculated using a 238U/235U ratio of 137.794 
(Goldman et al., 2015) – a current best estimate of U isotopic composition in the Solar 
System. The reasons for this and the implications will be discussed later (see Section 
4.2.). Determining an accurate and precise isochron age requires the selection of 
appropriate samples. All washes were deemed unsuitable for age determination due to 
their high proportion of non-radiogenic Pb and coexistence of initial Pb and a 
terrestrial Pb component most likely introduced by weathering.  The whole rock 
fractions were excluded as they were either very low in both U and Pb (indicating 
pyroxene is the only significant U bearing phase) or they were much less radiogenic, 
hence containing a significant portion of terrestrial Pb. Additionally, the analysis of 
sample A93 3R failed due to a filament issue during mass spectrometry. From the 
remaining acid leached pyroxene fractions, the most appropriate for an isochron 
regression are the more radiogenic (206Pb/204Pb >50) residues. However, because of the 
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low number of radiogenic residues (only four pyroxene residues have 206Pb/204Pb >50), 
and a small spread of the 206Pb/204Pb ratios, this approach yields an isochron date with 
low precision (4559 ± 10 Ma). Thus, the four radiogenic residues (A47 6R, A47 7R, A53 
50R and A93 01R) were combined with two less radiogenic residues (A53 31R and A53 
47R) to create the most representative isochron. The pyroxene residue A53 43R was 
excluded as it is a small fraction that was also low in total Pb. The other small pyroxene 
residue (A53 31R) was included as it consisted of the highest quality pyroxene and 
contained more Pb. The resulting Pb-Pb isochron from these six data points 
(Fig. 3.4a, b) yielded an age of 4563.4 ± 2.6 Ma, MSWD = 1.7.  
 
Figure 3.4. Plot for the six selected pyroxene residues showing (a) 207Pb/206Pb versus 204Pb/206Pb and 
(b) Δ207Pb/206Pb versus 204Pb/206Pb. The isochron regression is shown by the black solid line, while the 
95% error envelope is shown by the dashed black line (the 95% error envelope has been removed 
from (a) for clarity). 
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The weighted average model 207Pb*/206Pb* dates of all leachates and residues are 
presented in Table 3.1, while the pyroxene residues selected for the Pb-Pb isochron can 
also be seen in Fig. 3.5. As with the Pb-Pb isochron, all 207Pb*/206Pb* model ages were 
calculated using a 238U/235U ratio of 137.794. In addition, these ages were calculated 
assuming that all 204Pb after blank subtraction is initial Pb comparable to the primordial 
Pb isotopic composition (Tatsumoto et al., 1973). The weighted average 207Pb*/206Pb* 
model age of the 6 pyroxene residues used in the Pb-Pb isochron regression yields an 
age of 4554.3 ± 5.9, MSWD = 10.8 (Fig. 3.5). However, this weighted average 
207Pb*/206Pb* age is slightly outside the Pb-Pb isochron age error (4563.4 ± 2.6 Ma, 
MSWD = 1.7), indicating that not all 204Pb after blank subtraction is initial primordial 
Pb. Furthermore, as seen in Fig. 3.2 the less radiogenic residues yield younger 
207Pb*/206Pb* model ages. This is likely caused by incomplete removal of modern 
terrestrial Pb. As a result, the weighted average 207Pb*/206Pb* model age of NWA 7325 is 
pulled towards being younger by the less radiogenic residues.  
 
Figure 3.5. The 207Pb/206Pb weighted mean model age for selected pyroxene residues. The mean value 
is represented by the black solid line. 
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3.3.5  U-Pb concordance 
The U-Pb concordance for all fractions can be seen as data in Table 3.1, plotted as 
a conventional (Wetherill-type) Concordia diagram in Fig. 3.6 or plotted as a function 
of 206Pb/204Pb in Fig. 3.1. The % discordance of U-Pb systems is calculated as: 
 
  



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datePbPb
measured
UPb
UPb
*206/*207@
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238206
/*
/*
1100 . 
All 1st and 2nd washes have negative % discordance ranging from -144% to -
2709%, with the larger of these discordance values occurring in the 2nd washes (-692% 
to -2709%). This suggests that the washes may have had preferential removal of Pb 
relative to U. The residues show a range of % discordance from 19% to -100%. The 
concordance of the residues (excluding the whole rock fractions) display a direct 
correlation to their 206Pb/204Pb ratio: the more radiogenic residues are more concordant. 
This correlation confirms that the pyroxene (sampled more representatively by more 
radiogenic residues) behaved as a closed system for migration of U and radiogenic Pb. A 
conventional (Wetherill-type) Concordia diagram of the 6 selected Pb-isochron 
residues (Fig. 3.7) yields an age of 4557.0 ± 4.9, MSWD = 6.2. This age is in agreement 
with both the Pb-Pb isochron age and the 207Pb*/206Pb* model age, but since the U-Pb 
concordia intercept age depends on the choice of the initial Pb (deemed to be 
primordial Pb in these calculations), we consider the Pb-Pb isochron age of 4563.4 ± 2.6 
Ma a more reliable age estimate since it is free from such assumption. 
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Figure 3.6. Plot of 206Pb/238U versus 207Pb/235U (U-Pb concordia plot) for all washes and residues. For 
clarity, errors for single points are not shown and sample A93 3W2 has been excluded from the plot.  
 
Figure 3.7. Plot of 206Pb/238U versus 207Pb/235U (U-Pb concordia plot) for six selected pyroxene 
residues. The isochron regression is shown by black solid line. The centre of each ellipse has been 
marked with a diamond for visibility. 
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3.3.6 Al-Mg system 
All Mg isotope compositions and 27Al/24Mg ratios for NWA 7325 are presented in 
Table 3.2. δ26Mg* ratios for all fractions range from 0.083 to 0.267, with the plagioclase 
fractions all higher than the pyroxene, olivine and whole rock fractions. The 27Al/24Mg 
ratios for the plagioclase fractions are also higher ranging from 41.45 to 78.08. In 
contrast, those of the other fractions range from 0.078 to 1.47. As seen in Fig. 3.8 when 
δ26Mg* is plotted against 27Al/24Mg it defines a well-resolved regression line with a slope, 
representing an initial 26Al/27Al ratio of (3.03 ± 0.14) × 10-7 and an initial δ26Mg* of 0.093 
± 0.004‰. When anchored to the angrite D’Orbiginy (26Al/27Al0 = (3.98 ± 0.21) × 10-7 at 
4563.37 ± 0.25 Ma) (Brennecka and Wadhwa, 2012; Schiller et al., 2015a; Schiller et al., 
2010a; Spivak-Birndorf et al., 2009), this corresponds to an Al-Mg age of 4563.09 ± 0.26 
Ma. Notably, the internal isochron for NWA 7325 has a well resolved positive y-
intercept (δ26Mg*0 of 0.093 ± 0.004‰) and lies well above the bulk chondritic value of 
27Al/24Mg = 0.1 and δ26Mg* = 0 (Schiller et al., 2010b; Thrane et al., 2006). 
 
 
Table 3.2. Mg isotope data for plagioclase, pyroxene, olivine and whole rock fractions from NWA 
7325 and bulk rock data for the terrestrial basalt standard BCR-2. 
 
 
Sample
27Al/24Mg 2% δ
25Mg 2σ (s.e.) δ
26Mg 2σ (s.e.) δ
26Mg* 2σ (s.e.) n Weight (mg)
NWA 7325-PL1 78.08 1.56 -0.36 0.012 -0.43 0.026 0.267 0.006 6 3.71
NWA 7325-PL2 48.84 0.98 -0.3 0.011 -0.39 0.031 0.194 0.012 6 3.44
NWA 7325-PL3 41.45 0.83 -0.25 0.017 -0.31 0.026 0.174 0.012 6 4.73
NWA 7325-PL4 43.56 0.87 -0.33 0.032 -0.46 0.057 0.178 0.013 6 2.46
NWA 7325 Px 0.187 0.004 -0.3 0.015 -0.49 0.03 0.091 0.009 6 11.02
NWA 7325 Ol 0.078 0.002 -0.16 0.021 -0.23 0.042 0.083 0.012 6 2.94
NWA 7325 WR 1.47 0.03 -0.13 0.014 -0.16 0.026 0.099 0.005 6 5.26
BCR2 -0.14 0.022 -0.28 0.056 -0.007 0.014 3
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Figure 3.8. Al-Mg systematics for all fractions from NWA 7325. All error bars are 2σ (s.e.). Pl 
=Plagioclase, Px = Pyroxene, Ol = Olivine, WR = Whole rock. 
 
3.4 Discussion 
3.4.1 Pb-Pb systematics 
For samples with multiple components of Pb, removal of non-radiogenic Pb is 
fundamental for precise and accurate U-Pb dating (Amelin, 2006; Connelly et al., 
2008b; Tera and Carlson, 1999). As shown by the array of washes and residues on the 
Pb-Pb isochron plot (Fig. 3.3), NWA 7325 contains two components of non-radiogenic 
Pb, with one being initial Pb close to the primordial Pb composition and the other 
being modern terrestrial Pb (Stacey and Kramers, 1975; Tatsumoto et al., 1973). The less 
radiogenic points have a considerable modern terrestrial Pb component shown by their 
younger model ages, U-Pb discordance and Pb isotopic compositions (Stacey and 
Kramers, 1975). In contrast, the pyroxene residues form a linear array that passes very 
close (within error) to the primordial Pb composition (Fig. 3.3), suggesting non-
radiogenic Pb in these samples mostly initial Pb close to primordial Pb in composition 
(Tatsumoto et al., 1973), and the fraction of modern terrestrial Pb in the pyroxene 
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residues is small. This indicates that the acid washing procedure preferentially removed 
terrestrial contaminant Pb relative to initial and radiogenic Pb.  Still, the disagreement 
between the Pb-Pb isochron age (4563.4 ± 2.6 Ma, MSWD = 1.7) and the weighted 
average of their model ages (4554.3 ± 4.7, MSWD = 10.8) does indicate that a small 
amount of modern terrestrial Pb is present in some of these residues. 
The above Pb-Pb isochron age (4563.4 ± 2.6 Ma, MSWD = 1.7) is the preferred 
date due to independence from assumptions about initial Pb composition, but the low U 
content of NWA 7325 resulted in some difficulties in producing a high quality Pb-Pb 
isochron. The preferred isochron contains two pyroxene residues with 206Pb/204Pb < 50. 
However, as previously recognised (Fig. 3.1 and 3.2), the less radiogenic pyroxene 
residues (206Pb/204Pb <50) appear to contain some terrestrial contaminant Pb as well as 
initial Pb. A Pb-Pb isochron age using only the four residues with 206Pb/204Pb >50 yields 
a less precise age of 4559 ± 10 Ma, MSWD = 2.0. Nevertheless, as this isochron is made 
of only four points which display little spread in 206Pb/204Pb, the preferred isochron age 
remains 4563.4 ± 2.6 Ma. An isochron using all the analysed (seven) pyroxene residues 
yields an age of 4563.1 ± 7.6, MSWD = 5.0, which is consistent with the preferred age, 
but less precise because of greater dispersion of the data (Fig. 3.3). However, as 
previously mentioned, due to the small fraction size and low Pb concentrations, A53 
43R was deemed unsuitable for the preferred isochron. Although these two isochrons 
were considered unsuitable in providing final Pb-Pb age data for NWA 7325, the 
agreement between these isochron ages does provide further validity to the preferred 
isochron. It also highlights the need for further Pb-Pb investigation, as a ~4 Ma age 
difference could have a significant impact on what we understand about the NWA 7325 
parent body. Nevertheless, due to the nature of NWA 7325 (low concentrations of 
radiogenic Pb and an abundance of stubborn “common” Pb), improving the accuracy 
and precision of the age will be challenging and will require analysis of large pyroxene 
fractions that would be hard to derive from this relatively small meteorite (total mass 
345 g). 
3.4.2 U isotope ratio 
A combination of small total quantity and an extremely low U concentration 
(especially in the residues after acid leaching that would be necessary to remove 
“terrestrial” uranium from the weathering products) made high precision 238U/235U 
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measurements of NWA 7325 unrealistic. As a result, the lack of U isotope ratio of NWA 
7325 makes it unwarranted to take any 238U/235U value for age calculations with full 
confidence. Despite this, we can speculate on possibilities on the basis of U isotope data 
from other meteorites.  Previously the 238U/235U ratio was considered to be constant in 
meteoritic material (Chen and Wasserburg, 1980) and is consistent with the accepted 
“terrestrial” constant value of 137.88 (Cowan and Adler 1976, Steiger and Jäger 1977).  
However, recently it was discovered that CAIs show considerable variation, even 
within a single meteorite (238U/235U from 137.409 to 137.885 in Allende CAIs) 
(Brennecka et al., 2010). Because of this, several studies have measured the 238U/235U 
ratio of achondrites (and other meteorites) in order to better constrain their Pb-Pb ages 
(Bouvier et al., 2011b; Brennecka and Wadhwa, 2012; Goldman et al., 2015; Iizuka et 
al., 2014). In addition, a compilation of all meteorite and Earth 238U/235U ratios has been 
made by Goldman et al, (2015). Currently the average 238U/235U ratio for all bulk 
meteorites is 137.794 ± 0.027, while the achondrite average is 137.791 ± 0.047 (Goldman 
et al., 2015). These values are in complete agreement with each other and correspond to 
a Pb-Pb age difference of -0.9 Ma relative to the previously assumed value of 137.88. 
Hence, for Pb-Pb chronology studies on meteorites where the 238U/235U ratio is yet to be 
measured, a value of 137.794 seems most applicable. For our Pb-Pb chronology of NWA 
7325, therefore, a 238U/235U ratio of 137.794 was used. This choice is further supported 
by the consistent Al-Mg age of NWA 7325 shown in sections 3.2 above and 4.4 below. 
3.4.3 U and Th concentrations 
A recent study by Barrat et al (2015) showed that NWA 7325 likely crystallised 
from a parent melt very poor in incompatible trace elements. Due to concerns 
surrounding terrestrial contamination, a number of incompatible trace elements, 
including U and Th, were deemed unsuitable for discussions regarding the meteorite’s 
parent body.   
As the acid leaching procedure conducted in our study effectively removes 
terrestrial contamination, our two whole rock fractions (A47 8 and A93 4, respectively) 
are suitable for providing U and Th trace element concentrations for NWA 7325. As 
explained in Section 3.1, the residues represent the minimum concentrations, while the 
combined fraction values (all washes and the residue combined) represent the 
maximum concentrations. As seen in Table 3.1, the residues of our whole rock fractions 
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contained U concentrations of 0.23 ppb and 0.59 ppb and Th concentrations of 0.94 ppb 
and 1.56 ppb. These concentrations are approximately an order of magnitude lower 
than the 9.87 ppb U and 9.01 ppb Th reported by Barrat et al (2015). Additionally, the 
U/Th ratios of both our whole rock residues were considerably lower, with a U/Th of 
approximately 0.3 compared to Barrat et al. (2015) value of 1.1. In contrast to the 
residues, the combined fraction concentrations are similar to the concentrations 
displayed by Barrat et al (2015), with U concentrations of 5.03 ppb and 4.34 ppb and Th 
concentrations of 6.43 ppb and 14.84 ppb. Considering that our combined values 
undoubtedly suffer from similar terrestrial contamination as the Barrat et al. (2015) 
samples, which would be largely removed by acid washing, we interpret the residue 
concentrations more representative of NWA 7325.  The addition of our whole rock 
residue U and Th concentrations (U = 0.23 ppb and 0.59 ppb, Th = 0.94 ppb and 1.56 
ppb) reinforces that NWA 7325 is significantly depleted in incompatible trace elements, 
supporting the argument presented by Barrat et al (2015) that NWA 7325 crystallised 
from a melt generated by a large degree of melting of mantle or pre-existing unevolved 
crust, possibly by impact. 
3.4.4 Al-Mg systematics 
For extinct radionuclide chronometers such as the 26Al-26Mg system, only relative 
time differences can be measured. In order to provide absolute ages, the 26Al-26Mg dates 
need to be anchored to an undisturbed system with both the extinct radionuclide and 
an absolute age (such as Pb-Pb dates) measured at high precision (Davis and McKeegan, 
2014). Furthermore, the time anchor must be pristine and have cooled fast enough to 
close the multiple isotopic clocks within a time frame less than that of their age 
resolution (Davis and McKeegan, 2014). Currently, the D’Orbigny basaltic angrite 
appears the most appropriate to provide credible 26Al-26Mg age data for NWA 7325, as 
this meteorite has undergone a combination of high precision Al-Mg, U-Pb and U 
isotope analyses (Amelin, 2008a; Brennecka and Wadhwa, 2012; Schiller et al., 2010a; 
Spivak-Birndorf et al., 2009). In addition, D’Orbigny has already been used successfully 
in a number of recent Al-Mg studies (Bouvier et al., 2011b; Dunlap et al., 2014; Yin et 
al., 2013). 
A combination of the D’Orbigny data sets provides an initial 26Al/27Al ratio of 
(3.98 ± 0.21) × 10-7 (Schiller et al., 2015a; Schiller et al., 2010a; Spivak-Birndorf et al., 
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2009) and a Pb-Pb age of 4563.37 ± 0.25 Ma (Amelin, 2008a; Brennecka and Wadhwa, 
2012). When anchored to these dates, the Al-Mg data for NWA 7325 (26Al/27Al0 (3.03 ± 
0.14) × 10-7) result in an age of 4563.09 ± 0.26 Ma, which corresponds to 4.2 Ma after 
the formation of CAIs (4567.30 ± 0.16 Ma, Connelly et al., 2012). This age agrees with 
the Pb-Pb isochron age and is an order of magnitude more precise. In addition, this age 
is in agreement with the Al-Mg age of NWA 7325 of 4562.8 ± 0.3 Ma measured by 
Dunlap et al. (2014). Note, however, that the age of Dunlap et al. (2014) was calculated 
using the D’Orbigny initial 26Al/27Al ratio of (5.06 ± 0.92) × 10-7 calculated by Spivak-
Birndorf et al. (2009). When updated to the initial 26Al/27Al ratio used in this study, 
their age becomes 4563.04 ± 0.35 Ma, which is in even closer agreement with ours. As 
NWA 7325 shows evidence for secondary melting (Weber et al., 2016), it is possible 
that the Al-Mg age may be affected by the timing of this melting event. However we 
note that only a small percentage of the plagioclase within NWA 7325 shows the 
secondary features described by Weber et al. (2016).  Because the Pb-Pb age and the Al-
Mg age are in complete agreement and Al-Mg isotope systematics do not show any sign 
of disturbance, unless the secondary melting event has completely reset both U-Pb and 
Al-Mg systems, or occurred rapidly after crystallisation, it is unlikely that the Al-Mg 
age represents a secondary melting event. As a result, we interpret the Al-Mg age of 
4563.09 ± 0.26 Ma to represent the timing of crystallisation. 
As touched on previously, the Al-Mg internal isochron for NWA 7325 shows a 
well-resolved positive intercept of δ26Mg* of 0.093 ± 0.004‰ and lies well above the 
bulk chondritic value of δ26Mg* = 0 at 27Al/24Mg = ~0.1 (Jacobsen et a., 2008; Schiller et 
al., 2010b; Thrane et al., 2006). Furthermore, our δ26Mg* not only agrees with, but is 
more precise than the δ26Mg* of 0.095 ± 0.011‰ measured by Dunlop et al. (2014). This 
feature has previously been reported in two other achondrites (GRA 06129 and NWA 
2976) (Shearer et al., 2010; Schiller et al., 2010a; Wimpenny et al., 2011), however only 
NWA 7325 and NWA 2976 (Schiller et al., 2010a) show evidence for live 26Al at the 
time of its last Al-Mg equilibration.  This combination (live 26Al and notably positive 
δ26Mg* intercept) suggests the possibility that the NWA 7325 parent body may have had 
a non-chondritic initial Mg isotopic composition, which can be interpreted as an 
indication that the initial Mg isotopic composition of the early Solar System must have 
been heterogeneous (Dunlap et al., 2014). Alternatively, this non-chondritic initial Mg 
isotopic composition could evolve in the source region after parent body formation but 
prior to the melting event that produced the NWA 7325 parent rock (Dunlap et al., 
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2014). In order to investigate this possibility further, the Mg isotopic evolutionary 
curves of NWA 7325 and the bulk Solar System were compared and evaluated (Fig. 
3.9.). Eq. 1 and 2 represent the Mg isotopic evolutionary curves of the NWA 7325 
parental magma source and the bulk Solar System (with their respective 27Al/24Mg 
ratios) respectively. 
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Where these two lines intersect represents the time of differentiation, at which point 
both systems would have the same 
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Using the whole rock 27Al/24Mg ratio of 1.47 (Table 3.2) as a potential parental magma 
source composition for NWA 7325, and the chondritic solar average 27Al/24Mg ratio of 
0.101 (Lodders 2003), Eq. 1 can be subtracted from Eq. 2, resulting in Eq. 3 
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With the present day 26Mg/24Mg ratios for each of the reservoirs (seen as white and 
grey squares in Fig. 3.9.), the 26Al/27Al can be solved as 9.56×10-6. This translates into 
an age difference of ΔT = 1.72 Ma after CAI formation, which defines the timing of 
differentiation of the parental reservoir of NWA 7325 from the bulk Solar System 
composition. However as the NWA 7325 whole rock 27Al/24Mg ratio was used for the 
calculation (rather than the true parental magma source 27Al/24Mg ratio which is 
unknown), this model age (ΔT = 1.72 Ma) would only be the true differentiation age 
if the parental melt of NWA 7325 had the same 27Al/24Mg as NWA 7325.  If the 
parent magma did not have the same Al/Mg ratio as NWA 7325, which could have 
occurred through processes such as fractional crystallisation, this model age would 
not represent the true differentiation age.  Nevertheless, as NWA 7325 is a 
plagioclase-rich (high in Al) cumulate, it is highly unlikely that the Al/Mg ratio of 
its initial parental melt could be higher than that of itself. Additionally, the nine 
geochemical units recognised on the surface of Mercury (which could represent 
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potential sources of the NWA 7325 parent magma) all have 27Al/24Mg ratios (from 
0.33 to 1.21) smaller than NWA 7325 (Vander Kaaden et al., 2015).  
Another factor that needs consideration is the assumption that the analysed 
whole rock Al/Mg ratio is representative of the true NWA 7325 whole rock Al/Mg 
ratio. With the exception of the ratio of 0.63 reported by Dunlap et al. (2014), our 
measured ratio agrees with other reported NWA 7325 27Al/24Mg ratios (1.29-1.55) 
(Barrat et al., 2015: Irving et al., 2013).  Additionally, this agreement is despite the 
variety of techniques used (ICP-MS and XRF) where the sample sizes range over two 
orders of magnitude. If we take the highest reported Al/Mg ratio of 1.55, 26Al/27Al 
can be solved as 8.88×10-6, which results in ΔT = 1.80 Ma (0.08 Ma difference). 
However as our sample lies in the middle of the reported 27Al/24Mg ratios, while also 
being close to the maximum value, we consider it appropriate to use this ratio as 
representative to derive ΔT = 1.72 Ma (vs. 27Al/24Mg (max) = 1.55 at ΔT =1.80 Ma) for 
the timing of the NWA 7325 parental reservoirs differentiation from the bulk Solar 
System. We propose that NWA 7325 crystalized 4.2 Ma after CAIs, while its 
parental magma source differentiated no later than 1.72 Ma (or 1.80 Ma) after CAIs. 
As seen in Fig. 3.9, a range of evolutionary pathways are possible (by the dotted lines 
with arrows), with the allowable parental magma composition represented by the 
entire triangular grey field, connecting the Solar System initial (the black square) 
and the end point of NWA 7325 (the white square). These scenarios are consistent 
with the recent discussion by Barrat et al (2015) about the NWA 7325 source 
evolution, while also opening up the possibility for multi-stage evolutionary 
pathways. Additionally, this also shows that the observed excess in initial δ26Mg* can 
be explained by 27Al/24Mg fractionation and subsequent Mg isotopic evolution after 
planetary differentiation. Nevertheless, heterogeneity of the Mg isotopic 
composition in the early Solar System cannot be ruled out, and the elevated initial 
δ26Mg* could be a result of combined initial isotopic heterogeneity and early parent 
body differentiation. 
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Figure 3.9. Mg isotopic evolution diagram for NWA 7325. Solar initial composition is from Jacobsen 
et al. (2008). 27Al/24Mg of 0.101 for the Solar System is from Lodders (2003). Bulk Solar System Mg 
isotopic ratios are from Catanzaro et al. (1966). Permissible evolutionary path ways and its parental 
magma source compositions for NWA 7325 are shown in dotted lines and grey triangular area. 
3.4.5 Considerations on Al-Mg chronology 
Although short-lived radionuclides (such as 26Al) have become widely used for 
obtaining meteorite ages, a number of possible issues need to be considered. One is the 
requirement of an accurate and precise Pb-Pb age for the anchor meteorite. This 
however is only a minor issue, as relative ages can always be corrected if Pb-Pb ages are 
changed. Also, if a common anchor is used (e.g. D’Orbigny), relative age difference 
between meteorites will remain unchanged.  
An issue that could have a more serious impact on short-lived isotope 
chronometry is the required assumption of a homogenous planetary disk for the 
radionuclides in question. In the case of Al-Mg, this topic remains somewhat 
controversial and has been recently investigated by a number of authors (Krot et al., 
2012; Larsen et al., 2011; MacPherson et al., 2010; Makide et al., 2011; Nyquist et al., 
2009; Schiller et al., 2015b; Villeneuve et al., 2009; Wasserburg et al., 2012), because the 
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age intervals between the same objects (CAIs, chondrules, achondrites) measured with 
Al-Mg and other precise isotopic chronometers such as U-Pb are not always consistent. 
However, since this age interval discrepancy can also be attributed to late disturbance 
after complete decay of 26Al, it cannot be accepted as reliable evidence for widespread 
heterogeneity in 26Al distribution in the early Solar System (Davis and McKeegan, 2014; 
Krot et al., 2012; Wasserburg et al., 2012).  
Another concern that is less discussed but impacts the level of precision 
obtainable is the half-life of 26Al. Until recently the percentage of total error resulting 
from uncertainties in the decay constant was low. However, developments in analytical 
techniques have resulted in marked improvements to both precision and accuracy. As a 
result, the portion of error caused by uncertainties in the decay constant has risen. 
Currently there are four measured 26Al half-life values being used which range from 
0.702 to 0.780 Myr (uncertainties of ~0.05 Myr) (Middleton et al., 1983; Norris et al., 
1983; Rightmire et al., 1958; Samworth et al., 1972; Thomas et al., 1984). In order to 
pick any value with full confidence, a systematic investigation would need to be 
undertaken, such as it was for 87Rb (Villa et al., 2015). Despite this, the most recent 
review of published 26Al half-life values chose the value by Norris et al (1983) of 0.705 ± 
0.024 Myr (Nishiizumi, 2004). In addition, this value is the more precise than the other 
measurements and has been used by a number of other Al-Mg studies (e.g. Krot et al., 
2012; Kita et al., 2013). As a result, the 26Al half-life of 0.705 ± 0.024 Myr was chosen for 
this study.  
3.4.6 Implications for the NWA 7325 parent body 
The current Al-Mg (4563.09 ± 0.26 Ma) and Pb-Pb (4563.4 ± 2.6 Ma) isotopic ages 
of NWA 7325 establish its crystallisation age 4.2 Ma after CAIs (Amelin et al., 2010; 
Connelly et al., 2012). This age is indistinguishable from those of quenched angrites and 
the ungrouped achondrites NWA 6704 and NWA 2976 (Bouvier et al., 2011b; 
Brennecka and Wadhwa, 2012; Iizuka et al., 2013a; Yin et al., 2013; Sanborn et al., 
2014a). However, as these meteorites all have significant chemical, mineralogical and 
isotopic compositional (e.g., Δ17O and ε54Cr) differences, there is little doubt that they 
were derived from different parent bodies (Greenwood et al., 2005; Irving et al., 2013; 
Irving et al., 2011; Jabeen et al., 2014; Kleine et al., 2012; Sanborn et al., 2013; 
Yamaguchi et al., 2002).  
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As discussed above, it has been proposed that NWA 7325 may originate from the 
planet Mercury (Irving et al., 2013; Jabeen et al., 2014; Weiss et al., 2013). So far, this 
idea maintains a high degree of uncertainty. The introduction of the meteorite age will 
not solve this issue; however it will provide key constraints that will need to be adhered 
to. The accretion of planetesimals appears to have taken place quite rapidly during the 
formation of the Solar System (Amelin, 2008a; Amelin, 2008b; Brennecka and Wadhwa, 
2012; Iizuka et al., 2013a), however the timescales involved in accreting a Mercury 
sized planet are unknown. For the Earth, recent Hf/W interpretation has shown 
accretion cannot have terminated before the Moon forming impact at 30 to 150 Myr 
(Yin et al., 2002; Touboul et al., 2007). However Mars, which is closer in size to 
Mercury than the Earth, has been suggested to have formed within the first ~10 Myr of 
the Solar System (Dauphas and Pourmand, 2011). The proposed reason for this 
significant age difference is that the final stage of formation for the larger terrestrial 
planets, e.g. Earth and Venus, involved collisions between multiple asteroid to Mars-
sized planetary embryos (Chambers and Wetherill, 1998; Dauphas and Pourmand, 
2011). Mars, which is one such planetary embryo, may have managed to avoid any 
subsequent planetary embryo collisions (Chambers and Wetherill, 1998; Dauphas and 
Pourmand, 2011). If Mercury formed in a similar way to this currently proposed Mars 
formation process, then an age of 4563.09 Ma may be reasonable. However, as indicated 
by the Al-Mg data, the parental source of NWA 7325 likely formed within 1.72 Ma of 
CAI formation, suggesting that the age of the NWA 7325 parent body may be even 
older. Nevertheless, oxygen isotope analyses do show a clear fractionation line, 
suggesting the possibility of a larger planetary body origin (Jabeen et al., 2014).  
Before the feasibility that a rock with an age of 4563.09 Ma could originate from 
Mercury can be investigated further, more information needs to be known about the 
timescales of formation for a Mercury sized planet. Until this is known, the impact of 
this age data on the parent body of NWA 7325 remains speculative. Furthermore, 
determining conclusively if NWA 7325 is from Mercury may ultimately require direct 
analysis of rocks from that planet. Nevertheless, NWA 7325 is a very interesting 
meteorite with a fascinating and so far unique, and unknown, origin. 
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3.5 Conclusion 
NWA 7325 is a unique gabbroic achondrite which has sparked interest as possibly 
having originated from Mercury (Irving et al., 2013). In order to help understanding its 
origin, we investigated the chronology of this meteorite using both the U-Pb and Al-
Mg systems. Due to the low U concentrations of NWA 7325, obtaining a precise Pb-Pb 
age and the U isotopic composition of this meteorite are difficult. Despite these 
daunting challenges, using an average Solar System 238U/235U ratio of 137.794 we 
obtained a Pb-Pb isochron age of 4563.4 ± 2.6 Ma from six pyroxene residues. This age 
is consistent with our calculated Al-Mg (26Al/27Al0 = 3.03 ± 0.14 × 10-7) age of 4563.09 ± 
0.26 Ma when anchored to the D’Orbigny angrite. Furthermore, the Al-Mg age is an 
order of magnitude more precise than the Pb-Pb isochron age, thus demonstrating the 
importance of using multiple isotopic systems in studies of early Solar System 
chronology. In addition to providing age data, the Al-Mg systematics of NWA 7325 also 
revealed an excess in δ26Mg*. We show that this excess can be attributed to Al/Mg 
fractionation processes after planetary formation, without invoking the possibility of 
Mg isotopic heterogeneity in the early Solar System. Additionally, we show that the 
parental source of NWA 7325 most likely formed within 1.72 Ma of CAI formation. 
The combined U-Pb and Al-Mg age data for NWA 7325 indicate its formation is 
almost contemporaneous with many of the oldest achondrites (e.g., quenched angrites) 
and only 4.2 Ma after CAIs. While this does not rule out the possibility of NWA 7325 
originating from Mercury, it does make the prospect unlikely. Regardless of this 
however, NWA 7325 appears to be from a previously unsampled differentiated 
planetary body. With the addition of NWA 7325 to the achondrite data base, it is 
becoming apparent that a multitude of planetesimals formed, differentiated and 
crystallised from a chemically heterogeneous protoplanetary disk ~4-5 Ma after CAI 
formation. 
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4 U-Pb systematics of the anomalous achondrite 
Asuka 881394 
4.1 Introduction 
Asuka 881394 (A881394) is a unique coarse grained eucrite like achondrite 
which was found in Antarctica in 1988.  First thought to belong to the HED group, 
this small meteorite (total mass of 70.9 g) is now understood to have originated on a 
parent body separate from eucrites and other HED meteorites (Nyquist et al., 2003; 
Sanborn and Yin, 2014; Scott et al., 2009; Takeda et al., 1997; Wadhwa et al., 2009).  
Additionally, the currently reported ancient age of A881394 makes it the oldest 
achondrite studied so far (Wadhwa et al., 2009).  
Although the minerology and chemistry of A881394 suggest this meteorite is 
similar to eucrites, there are a number of distinct features which make it unique. 
A991394 consists of roughly equal parts pyroxene (50%) and plagioclase (45%) with 
minor amounts of tridymite (5%) (Nyquist et al., 2003). In comparison to basaltic 
eucrites, the plagioclase crystals are very calcic (~An98), while the pyroxenes are 
high in magnesium (Nyquist et al., 2003; Takeda et al., 1997). Additionally, A881394 
has a granulitic texture with pyroxene grains up to ~1.5 mm in length. The lack of 
pigeonite-to-orthopyroxene inversion textures and the very calcic plagioclase also 
suggest A881394 experienced a different cooling history to that of cumulate eucrites 
(Nyquist et al., 2003).  Furthermore, differences in Mn-Cr systematics, stable Cr 
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isotopes anomalies and O isotope data indicate A881394 formed on a different body 
to eucrites and other HED meteorites (Sanborn and Yin, 2014; Scott et al., 2009; 
Wadhwa et al., 2009). 
The currently reported Pb-Pb age of A881394 of 4566.51 ± 0.21 Ma using 
238U/235U ratio of 137.88 (4565.33± 0.21 Ma when converted to the now measured 
A881394 ratio of 238U/235U of 137.768 (Wimpenny et al., 2013)) makes it the oldest 
achondrite studied so far (Wadhwa et al., 2009). However, the age interval between 
A881394 and D’Orbigny is inconsistent between the absolute and relative 
chronometer systems. The age difference between A881394 and D’Orbigny 
measured with Pb isotopes is 2.1 ± 0.3 (using 238U/235U ratio of 137.88), while the age 
difference recorded by the 26Al-26Mg and 53Mn-53Cr systems are 1.0 ± 0.2 Ma and 0.9 
± 0.4 Ma respectively (Wadhwa et al., 2009; Wimpenny et al., 2013). As a result, it is 
difficult to advocate the use of A881394 as one of the benchmarks of early Solar 
System chronology if we consider D’Orbigny to be an accurate age anchor (which 
based on the age consistencies among angrites and between angrites and a number of 
ungrouped achondrites appears to be true). Several possible causes for this age 
discrepancy have been discussed, including different closure temperatures of the 
isotopic clocks, heterogeneous distribution of 26Al/27Al and 53Mn/55Mn in the early 
Solar System and later disturbances of one or both isotopic systems (Wadhwa et al., 
2009; Wimpenny et al., 2013). Despite this, no definitive cause of this age 
discrepancy has yet been identified.   
The previous U-Pb study on A881394 by Wadhwa et al. (2009) yielded a 
precise Pb-Pb isochron (4566.51±0.21 Ma) from the analysis of 16 pyroxene and 2 
bulk rock fractions. Of the points used to make this isochron, 16 were highly 
radiogenic, with blank-corrected 206Pb/204Pb between 423 and 2675, while two were 
less radiogenic, with blank-corrected 206Pb/204Pb of 97 and 135. Due to the small 
fraction sizes (1.3 to 17.3 mg), thus large blank correction, the highly radiogenic 
analyses had large uncertainties which produced overlapping error ellipses. This 
resulted in the isochron effectively becoming a three point plot with the slope and 
intercept controlled by the two least radiogenic samples. If these two lesser 
radiogenic samples contain non-radiogenic Pb components different from the 
radiogenic group, the resulting isochron ages may be inaccurate. In this study we re-
examine the Pb isotopic systematics of A881394 using an approach designed to 
evaluate the possible systematic uncertainty in the previous Pb isotopic isochron 
81 
 
age, while also helping us better understand the age discrepancy between the 
absolute and relative isotopic chronometers.  
4.2 Procedures 
Analysis of Pb isotopic composition and U and Th concentrations was 
conducted over two analysis batches: A81 and A119. Batch A81 comprised five 
mineral fractions which were made up of two plagioclase fractions (pure: A81 2, 
impure: A81 3) and single fractions of pyroxene (A81 4), tridymite (A81 1) and 
whole rock (A81 5). In comparison, analysis batch A119 consisted of six pyroxene 
fractions. Fraction information including samples weights can be seen in Table 4.1. 
Sample preparation and mineral separation was undertaken following the 
procedures described in section 2.2. The acid leaching procedure applied to A881394 
varied between the two analysis batches. Batch A81 consisted of five leaching steps 
and was a modified version of our standard procedure described in section 2.3. The 
first two leaching steps consisted of two washes in 0.3 M HBr (wash 1a) and three 
washes in 0.5 M HNO3 (wash 1b) with 10 minutes of ultrasonic agitation for each 
wash. The next leaching step (wash 2) consisted of two 7 M HNO3 washes and two 
6.2 M HCl washes, with each wash left on a hotplate for 1 hour at ~110° C. The final 
leaching steps involved one 0.2 M HF wash with 10 minutes of ultrasonic agitation 
(wash 3) and one 1 M HF wash on a hotplate for 1 hour at ~110° C (wash 4). In 
contrast to batch A81, The A119 leaching procedure precisely followed the standard 
procedure described in section 2.3. Complete dissolution of the residues and sample 
spiking followed the procedure described in section 2.3 (for both A81 and A119). 
For both A81 and A119 the chemical separation of Pb and U plus Th was conducted 
following the updated chemistry protocol described in section 2.6 of the Methods 
chapter.  
All Pb isotopes for analysis batch A81 were analysed using the modified 
Finnigan MAT 261 Thermal Ionisation Mass Spectrometer (TIMS) at the Australian 
National University (ANU). As A881394 is low in Pb, all A81 analyses were 
conducted by peak jumping on the secondary electron multiplier (SEM). In 
comparison, batch A119 Pb analysis was conducted on the Fisher Triton Plus TIMS 
at the ANU. Furthermore, due to the large fraction sizes, different acid washing 
scheme and because pyroxene was the only mineral analysed (pyroxene is higher in 
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Pb than the other minerals), analysis of A119 was conducted using a combination of 
both peak jumping on the SEM (for lower signal wash analyses) and static mode on 
the multiple Faraday cups (for higher signal wash analyses). As the A119 residues all 
yielded low signals for 204Pb but high signals for 206Pb, 207Pb and 208Pb, both Faraday 
cup and SEM measurements were conducted on these samples (with SEM analysis 
conducted after a 15-20 blocks of Faraday cup measurements). As a result, the 204Pb 
data for the A119 residues is from SEM analysis, while the 206Pb, 207Pb and 208Pb data 
are from Faraday cup measurements. Both the NIST SRM-981 standard and the 
EARLYTIME 1x standard were monitored during the analysis of A881394, with the 
resulting uncertainties quadratically added to their respective samples. For the 
analysis of leaching and digestion blanks, both U and Pb were analysed by TIMS on 
both the modified Finnigan MAT 261 (A81) and Triton Plus (A119) at the ANU. The 
total procedural Pb blanks for A81 were between 0.34 and 1.50 pg, while the residue 
blank consisted of 0.37 pg of Pb. In comparison, the total procedural Pb blanks for 
A119 were 0.89 pg of Pb for the residue and 2.13 pg of Pb for both wash 1 and wash 
2. All U and Th measurements for A881394 were carried out following the 
procedures described in section 2.8. 
Although the data reduction of A881394 samples was conducted following the 
procedure described in section 2.9 of the Methods chapter, two additional 
calculations were applied to analysis batch A81. As seen in Fig. 4.1, the 1M HF hot 
washes of pyroxene and whole rock fractions contained highly radiogenic Pb with 
significantly higher 207Pb/206Pb than the equally radiogenic residues of the same 
fractions. This cannot be explained by the presence of non-radiogenic Pb or by 
natural open-system behaviour, therefore, it appears likely that it was produced by 
leaching induced isotopic fractionation. Additionally, leaching induced isotopic 
fractionation has now been observed in several meteorite samples, including both 
achondrites and CAIs, when either HF or concentrated HBr are used as leaching 
acids (Amelin et al., 2010; Amelin et al., 2016). As Pb isotopic fractionation would 
result in an inaccurate Pb-Pb isochron age, both the W4 and residues (and possibly 
W3) could not be used in any Pb-Pb isochron. In order to remove this effect, the 
W4 and residues of the pyroxene and whole rock fractions were numerically 
recombined prior to data entry into PBDAT (by recombining these two points, any 
Pb fractionation between the W4 and residue will be cancelled out). As the other 
fractions (plagioclase and tridymite) were not used in any Pb-Pb age calculations 
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they were not recombined. Furthermore, wash 3 was not recombined as it was a 
cold wash with only 0.2 M HF, it did not show any obvious signs of fractionation 
and it contained only a very small fraction of the total Pb within the pyroxene and 
whole rock fractions.  As a result, the pyroxene and whole rock fractions consist of 
wash 1a, wash 1b, wash 2, wash 3 and W4+R, while the plagioclase and tridymite 
fractions consist of wash 1a, wash 1b, wash 2, wash 3, wash 4 and residue.  
 
Figure 4.1. Plot of 207Pb/206Pb vs. 204Pb/206Pb showing the residues (dark grey) and 4th washes (green) 
of both the pyroxene and whole rock fractions. Px = pyroxene, WR = whole rock. 
 
The second calculation applied to analysis batch A81 involved correcting for 
an observed difference in 207Pb/206Pb ratios measured between different TIMS 
instruments.  All A81 analyses were run on a modified Finnigan MAT 261 using the 
SEM. However in order to produce a Pb-Pb isochron age, the A81 data was 
combined with both analysis batch A119 and the data set of Wadhwa et al. (2009), 
both of which had their 207Pb/206Pb ratios analysed on a Triton TIMS using the 
Faraday cups. The average 207Pb/206Pb ratio of the SRM-981 standards run during 
analysis batch A81 (on the Finnigan MAT 261 SEM) was 0.91550 ± 0.00030 
(0.033%), while the average 207Pb/206Pb ratio of the SRM-981 standards run during 
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the Wadhwa et al. (2009) study were 0.91470 ± 0.00017 (0.019%). The resulting 
difference in average 207Pb/206Pb between analysis batch A81 and the Wadhwa et al. 
(2009) study is 0.00080 (0.087%), which is well outside of error. Furthermore, the 
average 207Pb/206Pb ratio of the SRM-981 standards run using Faraday cups on the 
ANU Triton Plus TIMS by was 0.91475 ± 0.00007 (0.008%), which is in complete 
agreement with that of the Wadhwa et al. (2009) study. As SEM analysis can 
produce artefacts, the 207Pb/206Pb ratios for analysis batch A81 (which were run on 
SEM) were normalised to the Faraday data run by Wadhwa et al. (2009) (which also 
completely agrees with the ANU Triton Plus Faraday cup data). For a detailed 
discussion on the standards from this study and their comparison with standards 
from other studies, see section 2.8.  
4.3 Results 
4.3.1 U-Pb concentrations and isotopic ratios 
All U and Pb concentrations are calculated using sample weights recorded 
prior to acid leaching. Because acid leaching removes external contamination but 
can also partially dissolve the primary minerals, the total recombined concentrations 
(all washes and residues for a particular fraction combined) represent the maximum, 
while the residues (or W4+R) represent the minimum concentrations. As the Pb 
isotopes for batch A81 appear to show leaching induced fractionation (discussed in 
section 4.2) between the 4th washes and the residues, these two samples were 
numerically recombined for both the pyroxene and whole rock fractions prior to 
undergoing data reduction. For the remainder of the chapter these A81 samples will 
be referred to as W4+R. It should also be noted that problems with the analysis of 
A119 4R and A119 5R resulted in no useable data for these samples being collected. 
As a consequence, these two analyses are not shown within this study.  
Total U concentrations for all A881394 recombined fractions range from 9.1 
ppb to 1.1 ppb. The highest recombined U concentrations are seen in the pyroxene 
fractions from analysis batch A119, with U concentrations ranging from 9.1 ppb to 
6.1 ppb. In contrast, the lowest recombined U concentration (1.1 ppb) is seen in the 
A81 tridymite fraction.  The remaining A81 fractions of pure plagioclase, impure 
plagioclase, pyroxene and whole rock, contain recombined U concentrations of 1.6 
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ppb, 4.1 ppb, 4.2 ppb and 4.3 ppb respectively. For the pyroxene fractions, most of 
the U is contained in the W4+R (A81) and residues (A119) with concentrations 
ranging from 2.4 ppb to 4.9 ppb U. In comparison, the whole rock W4+R contains 
1.3 ppb U, the two plagioclase residues contain ~0.1 ppb U and the tridymite residue 
contains 0.4 ppb U. These concentrations of U, especially in the whole rock and 
pyroxene fractions, are low compared to angrites and many other achondrites. 
Furthermore, these recombined U concentrations are comparable to the low U 
concentrations seen in NWA 7325 (which can be seen in section 3.3.2) However, in 
contrast to NWA 7325 the U concentrations within the pyroxene and whole rock 
residues of A881394 are >1 ppb U.  
The total Pb concentrations for all recombined mineral fractions range from 
44.3 ppb in the bulk plagioclase fraction to 7.5 ppb in the tridymite fraction. The 
combined pyroxene and whole rock fractions contain similar concentrations of total 
Pb ranging from 28.1 ppb to 18.2 ppb Pb. As most of the Pb for all fractions is 
contained within the first washes, the Pb concentrations of the W4+R and residues 
are generally lower. The W4+R and residues for the pyroxene fractions contain Pb 
concentrations ranging from 8.7 ppb to 4.3 ppb Pb, while the whole rock W4+R 
contains 2.6 ppb Pb. In comparison, the trydimite and plagioclase residues show Pb 
concentrations of between 1.2 and 0.1 ppb. Of the 3rd washes conducted during 
analysis batch A81, only the pyroxene 3rd wash contains over 1 ppb Pb (1.2 ppb), 
with all other fractions 3rd washes containing 0.2 ppb Pb or less.  
Because acid leaching preferentially removes non-radiogenic Pb, subsequent 
washing steps and residues contain progressively more radiogenic Pb. This effect is 
most obvious in the pyroxene and whole rock fractions as they contain significantly 
more radiogenic Pb relative to the plagioclase and tridymite fractions. The 
206Pb/204Pb ratios for the pyroxene W4+R and residues and the whole rock W4+R 
range from 1380 to 600. In contrast, the residues for the tridymite and two 
plagioclase fractions consist of 206Pb/204Pb ratios of between 65 and 44.  
Wash 1a, wash 1b and wash 2 for analysis batch A81 all contain 206Pb/204Pb 
ratios of between 37 and 19 for all mineral fractions. The washes for analysis batch 
A119 contain 206Pb/204Pb ratios of between 51 and 28 for wash 1 and between 161 
and 44 for wash 2. This lack of radiogenic Pb in the early washes indicates an 
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absence of U-rich phosphate minerals which can be present in some achondrites 
(e.g. Ibitira from Iizuka et al. (2014)). 
As seen in Fig. 4.2, on a plot of 207Pb/206Pb vs. 204Pb/206Pb, all analyses lie 
(within uncertainty) between the most radiogenic data, modern crustal Pb (Stacey 
and Kramers 1975) and primordial Pb (Tatsumoto et al., 1973). This suggests there is 
no multi-stage Pb isotopic evolution and that all Pb components in Asuka 881394 
are a mixture of these three components.  The wash steps for the pyroxene, 
tridymite and pure plagioclase fractions plot almost directly along a line connecting 
radiogenic Pb and primordial Pb, suggesting undetectable quantities of “terrestrial” 
Pb. In contrast, the washes for the impure plagioclase and whole rock fractions show 
significant scatter, indicating a significant “terrestrial” Pb component. 
 
Figure 4.2. Plot of 207Pb/206Pb vs. 204Pb/206Pb for all A881394 washes and residues. The isochron 
regression and age is constructed using all pyroxene analyses. The isotopic composition of primordial 
Pb for Canyon Diablo troilite (CDT) (Tatsumoto et al., 1973) and modern terrestrial Pb (MT) (Stacey 
and Kramers, 1975) are also shown with tie lines connecting to the most radiogenic point. For clarity, 
the errors for each single point and the isochron regression are not shown. A81: Wash 1a = red, wash 
1b = brown, wash 2 = blue, wash 3 = light green, wash 4 = dark green, W4+R and residue = black. 
A119: Wash 1 = red, wash 2 = blue, residue = black 
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4.3.2 Pb-Pb dates 
All Pb-Pb ages for Asuka 881394 were calculated using the measured 238U/235U 
ratio of 137.768 ± 0.038 (2 SE) (Wimpenny et al., 2013). A plot of 207Pb/206Pb vs. 
204Pb/206Pb for the plagioclase, pyroxene and whole rock fractions can be seen in Fig 
4.2. Tie lines connecting the most radiogenic point to both the primordial Pb 
composition measured by Tatsumoto et al. (1973) and the modern terrestrial Pb 
composition measured by Stacey and Kramers (1975) are also present. An isochron 
regression using the residues, W4+R and all leachates from the pyroxene fractions 
passes within error of primordial Pb and yields and apparent age of 4565.1 ± 2.0 Ma, 
MSWD = 129 (Fig 4.2.).  
Producing an accurate and precise Pb-Pb isochron age for A881394 requires 
the careful selection of suitable mineral fractions. As the plagioclase and tridymite 
fractions are very low in total and radiogenic Pb, and produce a scattered array, they 
were considered unsuitable for a Pb-Pb isochron. In contrast, the pyroxene residues 
and the pyroxene and whole rock W4+R analysis are high in radiogenic Pb and 
produce a very precise array. As a result, the pyroxene and whole rock residue and 
W4+R analyses were combined with a selection of points from the previous analysis 
by Wadhwa et al. (2009) in order to produce the final Pb-Pb isochron. An isochron 
using these selected points can be seen in Fig. 4.3. and yields an age of 4564.95 ± 0.35 
Ma, MSWD = 1.4. A more detailed discussion surrounding the final Pb isochron 
point selection can be seen in section 4.4.2.  
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Figure 4.3. Plot of 207Pb/206Pb vs. 204Pb/206Pb for A881394 showing the 16 selected residues from 
Wadhwa et al. (2009) (light grey), the A81 pyroxene and whole rock W4+R analysis (black) and the 
A119 pyroxene residues (red). The age uncertainty in brackets includes the uncertainty of the 
238U/235U ratio.  
 
The model 207Pb*/206Pb* dates of all leachates and residues are presented in 
Table 4.1 (238U/235U ratio of 137.768). Additionally, the weighted average model 
207Pb*/206Pb* date for all analyses included in the final Pb-Pb isochron can be seen in 
Fig. 4.4. All 207Pb*/206Pb* model ages were calculated assuming that all non-
radiogenic Pb after blank subtraction is initial primordial Pb with the isotopic 
composition measured by Tatsumoto et al. (1973). As seen in Fig. 4.4 the weighted 
average model 207Pb*/206Pb* date for A881394 (4564.98 ± 0.17 Ma) completely agrees 
with the Pb-Pb isochron age of the same analyses (4564.95 ± 0.35 Ma). This is a 
strong indication that the analyses used in the final Pb-Pb isochron contain no 
detectible quantities modern terrestrial Pb.  
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Figure 4.4. Plot of the 207Pb*/206Pb* model ages for A881394 showing the 16 selected residues from 
Wadhwa et al. (2009) (light grey), the A81 pyroxene and whole rock W4+R analysis (black) and the 
A119 pyroxene residues (red). 
 
4.3.3 U-Pb concordance 
The % discordance for all analyses can be seen plotted as a conventional 
(Wetherill-type) concordia diagram in Fig. 4.5 or seen as data in Table 4.1. All first 
washes for A881394 (both wash1a and wash 1b from A81 and wash 1 from A119) 
range from -19% to -604% discordance, with the lowest discordance shown by the 
A119 wash 1 analysis (-19% to -63%). This range of discordance suggests 
preferential removal of Pb relative to U in the early washes. All other washes show 
discordance values ranging from 62% to -131%. The pyroxene W4+R and residues 
and the whole rock W4+R show discordance values ranging from -5% to -18% 
suggesting that these analyses were a near closed system relative to U and Pb. A 
conventional (Wetherill-type) concordia diagram using the W+R and residues of the 
pyroxene and whole rocks fractions yields an age of 4566.05 ± 054 Ma (Fig. 4.6). 
While this age is very close to the Pb-Pb isochron age of 4564.95 ± 0.35 Ma, it lies 
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slightly outside of error. As the U-Pb concordia age depends on the selection of 
initial Pb (considered primordial Pb for this calculation), the Pb-Pb isochron age, 
which is free of this assumption, is considered more robust. Nevertheless, the near 
agreement of the U-Pb concordia age, compared to the Pb-Pb isochron and the 
weighted average 207Pb*/206Pb* model ages provide validity to the final Pb-Pb 
isochron age of 4564.95 ± 0.35 Ma, MSWD = 1.4. Additionally, this further supports 
the assertion that all detectible quantities of modern crustal Pb within the pyroxene 
analysis were removed by acid leaching. The near zero intercept of the discordia line 
also suggests that the redistribution of U within these analysis likely occurred during 
acid leaching. 
  
 
Figure 4.5. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for all A881394 washes and 
residues. For clarity, errors for single points are not shown. A81: Wash 1a = red, wash 1b = brown, 
wash 2 = blue, wash 3 = light green, wash 4 = dark green, W4+R and residue = black. A119: Wash 1 = 
red, wash 2 = blue, residue = black
 
 
Table 4.1. Asuka 881394 U-Pb isotopic data for all acid washed fractions. 
 
*Radiogenic Pb, corrected for non-radiogenic Pb using 204Pb and the primordial Pb isotopic composition from Tatsumoto et al. (1973) 
Sample   Fraction Weight U U Pb Pb  
206
Pb/
204
Pb  
206
Pb/
204
Pb
 207
Pb/
206
Pb
 207
Pb/
206
Pb Error Corr.
 207
Pb*/
235
U
 207
Pb*/
235
U
 206
Pb*/
238
U
 206
Pb*/
238
U
207
Pb*/
206
Pb*
207
Pb*/
206
Pb* U-Pb
mg ppb pg ppb pg  (total) %error  (total) %error  4/6-7/6    %err     %err  Age (Ma) Age error % discord.
A81
A81 1W1a Tridymite 2.56 0.15 0.39 2.81 7.31 19.56 0.325 0.856371 0.1600 -0.32510 253.61 18.600 2.92082 18.70 4576.97 7.702 -182.4
A81 2W1a Plagioclase (pure) 28.03 0.50 13.87 12.09 338.53 21.18 0.122 0.828302 0.0698 0.00070 350.28 0.353 4.16029 0.28 4532.35 2.699 -307.7
A81 3W1a Plagioclase (bulk) 39.66 1.38 54.87 21.74 862.93 22.97 0.122 0.805348 0.0702 0.00090 245.54 0.262 2.96567 0.17 4507.98 2.513 -192.8
A81 4W1a Pyroxene 30.03 1.03 31.02 18.88 566.19 21.77 0.119 0.824594 0.0698 0.00050 266.65 0.345 3.14786 0.27 4541.17 2.582 -207.7
A81 5W1a Whole Rock 25.86 2.32 60.14 17.34 449.05 30.58 0.126 0.752285 0.0697 0.02100 151.26 0.246 1.83599 0.20 4500.83 1.948 -81.7
A81 1W1b Tridymite 2.56 0.04 0.10 1.91 4.96 18.95 1.150 0.856080 0.8580 -0.15600 611.21 168.000 7.21152 169.00 4541.95 38.289 -604.7
A81 2W1b Plagioclase (pure) 28.03 0.20 5.66 1.55 43.38 30.10 1.500 0.772598 0.2020 0.90800 155.99 3.050 1.81494 3.15 4562.22 3.535 -76.3
A81 3W1b Plagioclase (bulk) 39.66 0.38 15.12 8.98 356.60 21.31 0.132 0.813786 0.0728 0.04000 331.27 0.684 4.09164 0.65 4475.45 2.867 -308.1
A81 4W1b Pyroxene 30.03 0.26 7.89 1.84 55.33 29.17 1.130 0.773638 0.1700 0.86568 133.58 2.690 1.56794 2.76 4549.40 3.132 -52.9
A81 5W1b Whole Rock 25.86 0.26 6.62 1.92 49.74 28.97 1.200 0.769015 0.1920 0.89424 145.43 3.190 1.73046 3.25 4529.68 3.106 -69.7
A81 1W2 Tridymite 2.56 0.19 0.50 0.68 1.76 20.18 4.960 0.850742 1.4300 -0.64113 50.66 76.500 0.58112 81.60 4582.76 88.432 43.9
A81 2W2 Plagioclase (pure) 28.03 0.85 23.85 4.28 119.73 24.11 0.229 0.819775 0.0729 0.11500 87.44 0.840 0.99115 0.86 4599.94 2.516 4.8
A81 3W2 Plagioclase (bulk) 39.66 1.97 78.17 11.55 458.31 27.79 0.146 0.778369 0.0716 0.08400 110.38 1.680 1.30510 1.67 4538.89 2.089 -27.7
A81 4W2 Pyroxene 30.03 0.29 8.64 0.98 29.26 37.44 2.430 0.742629 0.2980 0.95522 76.74 3.610 0.89425 3.68 4559.99 3.202 13.1
A81 5W2 Whole Rock 25.86 0.47 12.28 2.18 56.55 23.17 0.366 0.825220 0.0791 0.14900 77.37 1.840 0.88142 1.91 4592.82 3.327 15.2
A81 1W3 Tridymite 2.56 0.13 0.34 0.22 0.58 27.59 22.500 0.794825 2.2700 0.95140 34.84 62.300 0.39702 65.80 4592.16 66.112 61.8
A81 2W3 Plagioclase (pure) 28.03 0.01 0.28 0.03 0.71 25.16 13.800 0.811786 1.1500 0.84770 46.56 52.800 0.52849 55.90 4598.16 60.018 49.2
A81 3W3 Plagioclase (bulk) 39.66 0.04 1.47 0.21 8.34 27.96 1.470 0.765667 0.2660 0.92957 107.89 3.940 1.31321 4.02 4496.73 3.533 -30.1
A81 4W3 Pyroxene 30.03 0.23 6.79 1.18 35.53 85.43 1.850 0.676061 0.1400 0.83600 183.45 0.736 2.13391 0.74 4562.53 1.434 -107.2
A81 5W3 Whole Rock 25.86 0.04 1.05 0.10 2.65 364.13 111.000 0.638383 1.8100 0.99651 112.01 7.140 1.29747 7.29 4568.62 5.475 -25.8
A81 1W4 Tridymite 2.56 0.13 0.35 0.57 1.49 33.04 12.700 0.770391 1.3300 0.97339 100.71 30.000 1.14345 30.60 4597.61 22.562 -9.9
A81 2W4 Plagioclase (pure) 28.03 0.02 0.70 0.11 3.19 329.46 85.900 0.639383 1.5500 0.99579 205.91 9.830 2.38626 9.91 4567.93 4.780 -131.3
A81 3W4 Plagioclase (bulk) 39.66 0.18 7.01 1.22 48.50 30.65 0.350 0.755686 0.0874 0.53325 145.72 1.160 1.75281 1.15 4513.91 2.033 -72.8
A81 1R Tridymite 2.56 0.49 1.28 1.22 3.18 60.49 14.900 0.702443 1.2200 0.99173 76.92 11.500 0.88679 11.60 4575.41 7.210 14.2
A81 2R Plagioclase (pure) 28.03 0.03 0.71 0.08 2.25 65.15 21.300 0.696792 1.6500 0.99307 109.05 10.600 1.25818 10.80 4574.32 9.050 -21.7
A81 3R Plagioclase (bulk) 39.66 0.13 5.02 0.55 21.80 44.19 1.370 0.713676 0.1810 0.88890 118.02 1.270 1.40562 1.29 4528.39 1.974 -37.9
A81 4W4+R Pyroxene 30.03 2.37 71.15 4.26 127.88 1414.08 8.520 0.627623 0.0791 0.46500 93.14 0.311 1.08182 0.30 4564.77 1.030 -5.0
A81 5W4+R Whole Rock 25.86 1.25 32.44 2.58 66.72 1609.61 18.900 0.627646 0.1010 0.71078 105.04 0.312 1.21915 0.31 4565.73 1.053 -18.3
A119
A119 1W1 Pyroxene 17.93 1.79 31.97 13.85 247.99 28.14 0.276 0.778703 0.0403 0.63252 142.28 2.410 1.67268 2.41 4547.15 1.221 -63.2
A119 2W1 Pyroxene 17.90 4.09 73.19 16.55 296.33 50.74 0.585 0.710663 0.0600 0.88564 104.93 0.747 1.22378 0.75 4558.72 0.694 -19.0
A119 3W1 Pyroxene 20.38 3.66 74.62 15.67 319.75 46.09 0.476 0.719613 0.0526 0.86137 106.87 0.654 1.24649 0.66 4558.69 0.693 -21.2
A119 4W1 Pyroxene 32.81 1.04 34.11 6.39 209.70 32.92 0.426 0.757655 0.0557 0.85646 123.80 1.360 1.44734 1.36 4555.23 1.015 -40.9
A119 5W1 Pyroxene 28.85 1.30 37.59 6.46 186.79 38.91 0.649 0.743686 0.0712 0.88701 111.39 1.300 1.28282 1.31 4577.06 1.100 -24.0
A119 6W1 Pyroxene 35.38 1.29 45.52 8.49 300.69 31.03 0.281 0.770413 0.0372 0.70128 128.05 1.030 1.48210 1.03 4569.75 0.952 -43.6
A119 1W2 Pyroxene 17.93 0.16 2.81 0.57 10.19 79.92 26.000 0.684146 1.7000 0.99641 123.82 18.300 1.42870 18.40 4574.21 7.877 -38.2
A119 2W2 Pyroxene 17.90 1.38 24.70 4.00 71.62 96.69 5.270 0.672007 0.2990 0.99337 89.77 2.200 1.04041 2.23 4567.84 1.270 -0.9
A119 3W2 Pyroxene 20.38 2.24 45.67 5.91 120.59 98.98 3.190 0.667205 0.1830 0.98864 82.13 1.280 0.95819 1.30 4558.28 0.787 6.8
A119 4W2 Pyroxene 32.81 0.30 9.95 0.66 21.50 160.74 24.900 0.654564 0.8830 0.99708 89.49 13.900 1.03547 13.90 4570.24 3.027 -0.3
A119 5W2 Pyroxene 28.85 0.21 6.18 0.65 18.71 94.48 17.400 0.672786 1.0100 0.99635 105.31 8.420 1.22121 8.50 4567.07 4.085 -18.4
A119 6W2 Pyroxene 35.38 0.19 6.66 0.95 33.75 44.27 3.780 0.727932 0.3920 0.99036 134.11 9.600 1.55059 9.63 4571.34 3.085 -50.2
A119 1R Pyroxene 17.93 4.14 74.08 7.87 140.90 778.97 5.820 0.630244 0.0503 0.90103 95.90 0.578 1.11375 0.58 4564.86 0.343 -8.1
A119 2R Pyroxene 17.90 3.32 59.47 6.55 117.33 1422.80 13.000 0.627816 0.0602 0.92448 99.53 0.773 1.15557 0.77 4565.27 0.364 -12.1
A119 3R Pyroxene 20.38 3.17 64.76 6.47 132.05 653.93 5.310 0.631454 0.0538 0.91303 100.25 0.897 1.16408 0.90 4565.12 0.349 -12.9
A119 6R Pyroxene 35.38 4.85 171.68 8.74 309.35 1379.97 4.650 0.627878 0.0308 0.66310 93.59 0.375 1.08672 0.37 4565.19 0.342 -5.4
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Figure 4.6. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for all A881394 W4+R and 
resiudes from this study. For clarity, the centre of each ellipse has been marked with a square (black = 
A81, red = A119). 
4.4 Discussion 
4.4.1 Pb-Pb systematics 
As meteorite samples often contain two or more components of Pb, isolating 
the radiogenic Pb fraction is crucial for obtaining accurate and precise Pb-Pb ages 
(Amelin, 2006; Tera and Carlson, 1999). Furthermore, if a source of non-radiogenic 
Pb other than primordial Pb is identified, e.g. modern terrestrial Pb, then removal of 
such a component is essential. As all the data lie between the most radiogenic point, 
primordial Pb and modern terrestrial Pb, it is likely that A881394 contains a mix of 
these three Pb components (Stacey and Kramers, 1975; Tatsumoto et al., 1973). 
However, when each of the mineral fractions are looked at individually, the 
pyroxene, pure plagioclase and tridymite fractions show a mix of only radiogenic 
and primordial Pb. For the pyroxene fractions, the complete agreement between the 
Pb-Pb isochron age of all pyroxene analyses (washes and resiudes) in this study 
(4565.1 ± 2.0 Ma, MSWD = 129), the final radiogenic Pb-Pb isochron age (4564.95 ± 
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0.35 Ma, MSWD = 1.4) and the final weighted average model 207Pb*/206Pb* age 
(4564.98 ± 0.17 Ma, MSWD = 1.3), further indicates that the pyroxene fractions 
contained only radiogenic and primordial Pb in detectible quantities (Tatsumoto et 
al., 1973). For the whole rock fraction, both wash 1a and wash 1b do appear contain 
some modern terrestrial Pb. In contrast however, the whole rock wash 2, wash 3 
and W4+R show an absence of detectible modern terrestrial Pb (Stacey and Kramers, 
1975; Tatsumoto et al., 1973). 
4.4.2 Pb-Pb age 
Selection of the most robust, accurate and precise Pb-Pb isochron age for 
A881394 proved to be a difficult task. As previously discussed, the tridymite and 
plagioclase fractions were too low in U and Pb to be suitable for Pb-Pb chronology, 
while the A81 pyroxene and whole rock fractions required significant processing. A 
Pb-Pb isochron using all pyroxene (all analyses) and whole rock (wash 2, wash 3 and 
W4+R) analysis containing only primordial and radiogenic Pb yields an age of 
4565.0 ± 2.0 Ma, MSWD = 133. While this age is likely robust, it has low precision as 
many of the washes contain low quantities of total, and radiogenic Pb. As a 
consequence, a Pb-Pb isochron with the washes removed, thus containing only the 
6 pyroxene and whole rock residue and W4+R analyses, yields the more precise age 
of 4565.39 ± 0.50 Ma, MSWD = 0.91. This age represents the most precise and 
accurate A881394 Pb-Pb isochron age from the dataset analysed in this study alone. 
Nevertheless, the availability of the previous A881394 U-Pb dataset published by 
Wadhwa et al. (2009) means the U-Pb age of A881394 requires further investigation.   
The previous U-Pb A881394 study by Wadhwa et al. (2009) produced 18 
radiogenic residues from 16 pyroxene and 2 whole rock fractions. However as these 
fractions were smaller than those analysed in this study (with larger blank 
corrections), their resulting uncertainties are significantly larger. The Pb-Pb 
isochron age produced by Wadhwa et al. (2009) using the residues from all 18 
fractions is 4565.33± 0.21 Ma, MSWD = 1.3 (using the 238U/235U of 137.768 measured 
by Wimpenny et al, (2013)). However as seen in Fig. 4.7, the slope and intercept of 
this isochron is largely controlled by the two least radiogenic analysis (with 
206Pb/204Pb ratios of 135 and 87), which lie directly between the most radiogenic 
point and modern terrestrial Pb (Stacey and Kramers, 1975). As a result, their 
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inclusion in any Pb-Pb isochron must be treated with caution as they likely contain 
significant quantities of terrestrial Pb. Nevertheless, with these two points removed 
the data effectively become a single point isochron with 16 overlapping error 
ellipses. As a consequence, the best approach for obtaining the most precise and 
accurate Pb-Pb isochron for A881394 requires a combination of these 16 
overlapping radiogenic residues from the Wadhwa et al. (2009) and our 6 very 
precise residue (A119 pyroxene) and W4+R (A81 pyroxene and whole rock) 
analyses. This results in the robust, final A881394 Pb-Pb isochron age of 4564.95 ± 
0.35 Ma, MSWD = 1.4 (Fig. 4.3). 
 
 
Figure 4.7. Plot of 207Pb/206Pb vs. 204Pb/206Pb for the A881394 samples used in the Pb-Pb isochron by 
Wadhwa et al. (2009). Also shown are tie lines to the composition of primordial Pb for Canyon 
Diablo troilite (black dashed line) (Tatsumoto et al., 1973) and modern terrestrial Pb (black full line) 
(Stacey and Kramers, 1975).  
 
Although many ages discussed throughout this study have been deemed either 
too doubtful or imprecise to be considered as a final age for A881394, they still 
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provide valuable information in helping to assess the quality of our final Pb-Pb 
isochron age. Firstly, the agreement between these ages helps provide validity to the 
final Pb-Pb isochron age of 4564.95 ± 0.35 Ma, MSWD = 1.4. Just as importantly 
however, the complete agreement between the weighted average model 207Pb*/206Pb* 
age and the final isochron age (as well as the other discussed Pb-Pb isochron ages), 
combined with the isochron passing through primordial Pb (Tatsumoto et al., 1973), 
strongly suggests that the selected fractions contain no remaining detectible  
terrestrial Pb. This is important to consider for A881394 as an adjustment in age of 
~1 Myr or less could significantly change how we understand this meteorite, its 
parent body, and the distribution of short-lived radionuclides in the formation zone 
of achondrite parent bodies.  
In comparison to the previous age produced by Wadhwa et al. (2009), the final 
isochron age presented here is 0.38 Myr younger (4564.95 ± 0.35 Ma compared to 
4565.33 ± 0.21 Ma). The cause of this difference is largely due to the exclusion of the 
two least radiogenic residues from the Wadhwa et al. (2009) study in our final 
isochron as they appear to contain significant quantities of terrestrial Pb (Fig. 4.7). 
Nevertheless, with the addition of our new high precision measurements, the 
isochron sustained only minimal precision loss as a result of removing these two 
points (these two points had a significant influence over the slope and intercept of 
the Wadhwa et al. (2009) isochron). Furthermore, this new age can be considered 
more robust as all the points used in the isochron now contain detectible quantities 
of only radiogenic and initial Pb. Nonetheless, further precision could likely be 
achieved with the analysis of additional high precision pyroxene analyses. However 
due to the small total mass of A881394 this may prove to be a problem (total mass of 
70.9 g). 
4.4.3 Age comparison between chronometers 
With the addition of our high precision residue and W4+R analysis and the 
removal of two doubtful pyroxene residues from the original data set from Wadhwa 
et al. (2009), the Pb-Pb isochron age of A881394 changes from 4565.33 ± 0.21 Ma to 
4564.95 ± 0.35 Ma (238U/235U = 137.768). When compared to the U-Pb D’Orbigny age 
of 4563.37 ± 0.25 Ma (238U/235U = 137.780), this results in a A881394 –D’Orbigny age 
difference of 1.58 Ma, which is 0.52 Ma less than previously suggested (Amelin, 
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2008a; Brennecka and Wadhwa, 2012).  However much like the U-Pb system, both 
the Al-Mg and Mn-Cr systematics of both A881394 and D’Orbigny are also being 
constantly updated. As a result, these systems also need to be reassessed before we 
can evaluate any possible chronometer discrepancies. The Al-Mg systematics of 
A881394 have been measured by a number of different studies with 26Al/27Al ratios 
of (1.18 ± 0.14) × 10-6, (1.28 ± 0.07) × 10-6 and (1.42 ± 0.12) × 10-6 measured by 
Nyquist et al (2003), Wadhwa et al. (2009) and Wimpenny et al (2013) respectively. 
When compared to the updated D’Orbigny 26Al/27Al ratio of (3.98 ± 0.21) × 10-7 
(Schiller et al., 2010a; Schiller et al., 2015a; Spivak-Birndorf et al., 2009), this results 
in Al-Mg ages for A881394 of 4564.48 ± 0.28 for Nyquist et al (2003), 4564.56 ± 0.26 
for Wadhwa et al. (2009) and 4564.66 ± 0.27 for Wimpenny et al (2013). These ages 
translate into an A881394 - D’Orbigny age difference of 1.1 to 1.3 Ma, which is 0.1 
Ma to 0.3 Ma more than previously proposed. When anchored to the D’Orbigny 
angrite 53Mn/55Mn ratio of (3.24 ± 0.06) × 10-6 (Glavin et al., 2004), The A881394 
53Mn/55Mn ratio of (3.85 ± 0.23) × 10-6 converts to an age of 4564.29 ± 0.41 (Wadhwa 
et al., 2009). This results in an A881394 - D’Orbigny age difference of 0.92 Ma 
which is unchanged from the previous value.  
With the updated ages, the A881394 - D’Orbigny age difference becomes 1.58 
± 0.35 Ma for Pb-Pb, 1.3 ± 0.3 Ma for Al-Mg (if we take the most recent value by 
Wimpenny et al (2013)) and 0.9 ± 0.4 Ma for Mn-Cr. While these ages are still not in 
complete agreement, the errors from all three chronometers do now overlap with an 
age difference of 0.68 Ma between the oldest (U-Pb) and youngest (Mn-Cr) age. 
Furthermore, the adjustment in U-Pb age combined with the slight change in the 
Al-Mg age results in these two ages being in closer agreement than the Al-Mg and 
Mn-Cr ages. This means that while the age discrepancy may still exist, it is not as 
pronounced as previously thought. If any future adjustments are made to the 
238U/235U ratio, the Al-Mg systematics, or the Mn-Cr systematics of A881394 or 
D’Orbigny, or any half-life values, then the observed discrepancies may become 
further reduced. Additionally, further U-Pb analysis of high precision pyroxene 
fractions of A881394 may also slightly adjust the Pb-Pb age.  If this age discrepancy 
is real, then as discussed in Wadhwa et al. (2009) and Wimpenny et al (2013), 
possible causes could include the closure of isotopic clocks at different temperatures, 
the possible heterogeneous distribution of Al, Mn or U isotopes in the early Solar 
System or the disturbance of isotopic clocks by secondary processes. However as 
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further analysis appears to be closing the age discrepancy between isotopic clocks, it 
may turn out to be a result of difference in perceived precision vs. actual precision 
caused by artefacts of isotopic dating.  
4.4.4 Implications for A881394 parent body  
While the new A881394 U-Pb age is 0.38 Ma younger than the previously 
accepted age, this new age of 4564.95 ± 0.35 Ma still makes it the oldest achondrite 
found to date. Additionally, this age still means its formation took place over 1 Myr 
earlier than angrites (and other old achondrites) and only ~2-3 Ma after the 
formation of CAIs (Amelin, 2008a; Amelin, 2008b; Bouvier et al., 2011b; Brennecka 
and Wadhwa, 2012; Connelly et al., 2012; Connelly et al., 2008b). As chondrule 
formation begun around the same time as CAIs and continued for ~3Myr (Amelin et 
al., 2010; Amelin and Krot, 2007; Connelly et al., 2008a; Connelly and Bizzarro, 
2009; Connelly et al., 2012), the formation of A881394 also appears 
contemporaneous with late stage chondrule formation.  This suggests that the parent 
body of A881394 (and possibly other planetary bodies too) accreted and 
differentiated while chondrule formation was still taking place. As shown by 
Wadhwa et al. (2009), an accretion time for the parent body of A881394 can be 
calculated to <0.5 Ma by using the results of a thermal evolution model (which 
assumes short lived radionuclides as a heat source)(Bizzarro et al., 2005). With such 
a short accretion time, there would have still been enough heat from the decay of 
26Al to cause planetary melting and differentiation in bodies as small as a few Km in 
diameter (Wadhwa et al., 2009). As a result, it appears likely that the A881394 
parent body (as well as other small differentiated planetary bodies) co-existed with a 
period of chondrule formation within the first ~2 Ma of the Solar System.  
4.5 Conclusion  
Asuka 881394 is a unique, coarse grained eucrite-like achondrite, which based 
on its previous Pb-Pb age is currently the oldest achondrite known (Wadhwa et al., 
2009; Wimpenny et al., 2013). Inconsistent ages between different chronometer 
systems however, have restricted the use of A881394 as a benchmark in early Solar 
System formation. In order to investigate the cause of this age inconsistency we re-
examined the U-Pb systematics of A881394 by analysing 1) multiple different 
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mineral fractions, 2) much larger fractions and 3) attempting new acid leaching 
techniques. A Pb-Pb isochron using 16 residue fractions from Wadhwa et al. (2009) 
and 6 very precise residue and W4+R analysis from this study yields an age of 
4564.95 ± 0.35 (0.38 Ma younger than the previously accepted U-Pb age). 
Furthermore, this isochron contains no fractions with detectible quantities of 
modern terrestrial Pb making the final age robust. This updated Pb-Pb age results in 
an A881394 - D’Orbigny age difference of 1.58 ± 0.35 Ma. When compared to the 
updated A881394 - D’Orbigny age difference for both the Al-Mg (1.3 ± 0.3 Ma) and 
Mn-Cr (0.9 ± 0.4 Ma) systems, it can be seen that all chronometers overlap within 
error. With continuing analysis of both A881394 and D’Orbigny, it appears that the 
perceived inconsistencies between chronometers might have been caused by 
artefacts of isotopic dating. However, as these ages still do not completely agree, it is 
possible that the discrepancies may still be a result of natural causes. The updated 
Pb-Pb isochron age of A881934 still makes it the oldest achondrite studied so far; 
with its crystallisation age only 2-3 Ma after the formation of CAIs. As a result, it is 
likely the parent body of A881934 formed alongside the formation of mid-late stage 
chondrules. 
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5 U-Pb systematics of Northwest Africa 6704 and 
Northwest Africa 10132: Two ungrouped 
achondrites that share the same parent origin 
5.1 Introduction 
Northwest Africa (NWA) 6704 (8.39 kg) and NWA 10132 (0.94 kg) are two 
ungrouped achondrites similar in composition and mineralogy, which are thought to 
come from the same parent body (Irving et al., 2015; Irving et al., 2011).  
Furthermore, as they share strong similarities to the meteorites NWA 6693 and 
NWA 6926, all four of these meteorites are thought to be linked (Irving et al., 2015; 
Warren et al., 2013). As NWA 6704, NWA 6693 and NWA 6926 all were found in a 
similar location and share near identical features; these three meteorites have been 
paired together (Warren et al., 2013). In contrast however, NWA 10132 was found 
in a separate location and has several distinct differences (Irving et al., 2015). As a 
result NWA 10132 is thought to represent a separate specimen from the same parent 
body (Irving et al., 2015).  
The most defining feature of NWA 6704/6693/6926 (which will now on only 
be referred to as NWA 6704) and NWA 10132 is the dominating yellowish green 
low-Ca pyroxene (~75%) and olivine (~15%) which make up most of the rocks 
(Irving et al., 2015; Irving et al., 2011; Warren et al., 2013). Along with these two 
minerals, the meteorites contain ~10% extremely sodic plagioclase and minor to 
trace amounts of Awaruite, Ti-poor chromite and merrillite (Irving et al., 2015; 
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Irving et al., 2011; Warren et al., 2013).  Although NWA 6704 is generally regarded 
as unshocked, some rare shock deformation features have been recognised (Irving et 
al., 2011; Warren et al., 2013). Textually, NWA 6704 and NWA 10132 show some 
differences with NWA 6704 having an igneous cumulate texture which is 
represented by the large pyroxene megacrysts (which were initially thought to be 
oikocrysts) with interconnected hollows filled with the other mineral phases 
(Hibiya et al., 2016; Hibiya et al., 2015; Irving et al., 2011; Warren et al., 2013). 
Additionally, NWA 6704 has an abundance of empty bubbles distributed evenly 
thought the meteorite (Irving et al., 2011; Warren et al., 2013). In contrast, NWA 
10132 has an inequigranular to poikilitic texture and a complete absence of bubbles 
(Irving et al., 2015). As every other aspect of the two meteorites are near identical, 
these textural differences and the separate find locations indicate that NWA 6704 
and NWA 10132 are separate meteorites from the same parent body (Irving et al., 
2015).  
With the exception of sulphur and chalcophile elements, the overall bulk 
composition of the NWA 6704 and NWA 10132 are near chondritic (Warren et al., 
2013). The REE pattern of NWA 6704 shows a small enrichment in LREEs with a 
slight negative slope and a small positive Eu anomaly (Warren et al., 2013). The O 
isotopic compositions of both NWA 6704 and NWA 10132 plot in the range of 
acapulcoites/lodranites (Irving et al., 2015; Irving et al., 2011; Jambon et al., 2012; 
Warren et al., 2013). Nevertheless, as these two meteorites are distinct from 
acapulcoites/lodranites in mineralogy and Δ17O-ε54Cr space (Fig. 5.1), they are 
thought to have originated from a separate parent body (Irving et al., 2011; Sanborn 
et al., 2013; Sanborn et al., 2014b; Warren et al., 2013).  As isotopic data, such as O 
(Irving et al., 2011; Warren et al., 2013), Cr (Sanborn et al., 2013) and Ti (Hibiya et 
al., 2016) are obtained for NWA 6704, a strong genetic link with carbonaceous 
chondrites has become apparent (Hibiya et al., 2016; Sanborn et al., 2014b). This 
isotopic data combined with mineralogical features and the near chondritic chemical 
composition of NWA 6704 has led to the suggestion that this meteorite formed by 
impact-induced melting of a carbonaceous chondrite-like asteroid in the early Solar 
System (Hibiya et al., 2016). In an attempt to find a possible parent body for NWA 
6704, spectral bands from the meteorite were compared with a number of different 
asteroid types (Le Corre et al., 2014). Although some similarities were found 
101 
 
between NWA 6704 and S(V), S(VI) and V-Type asteroids, there was also sufficient 
discrepancy to rule out any connection (Le Corre et al., 2014).   
While NWA 10132 had no age data before this study, preliminary age data for 
NWA 6704 has been conducted using Ar-Ar, U-Pb, Al-Mg and Mn-Cr. The Ar-Ar 
ages were calculated from the analysis of two separate whole rock aliquots and 
yielded ages of 4.56 ± 0.28 Ga and 4.30 ± 0.28 Ga (Fernandes et al., 2013).  Due to the 
low precision of these ages however, they cannot distinguish the age of NWA 6704 
from other early Solar System material. In contrast, the U-Pb, Al-Mg and Mn-Cr 
systems provided very precise dates, with ages of 4563.75 ± 0.41 Ma, 4563.48 ± 0.34 
Ma and 4562.87± 0.87 Ma respectively (Iizuka et al., 2013a; Sanborn et al., 2014a; 
Yin et al., 2013).  While there ages agree fairly well, the U-Pb age was calculated 
assuming 238U/235U = 137.88 for NWA 6704, while the Al-Mg and Mn-Cr ages were 
calculated using the measured value of 238U/235U of 137.79 for the D’Orbigny anchor 
meteorite. This current age data places the formation of NWA 6704 at an almost 
identical period to quenched angrites and a number of other ungrouped achondrites 
(Amelin, 2008a; Bouvier et al., 2011b; Brennecka and Wadhwa, 2012).  With the 
addition of our age data, we will be able to refine the current age of NWA 6704 and 
provide an age for NWA 10132. In addition, we will be able to assess the connection 
between these two meteorites and determine if they have the same formation age 
and conditions.  
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Figure 5.1. Plot of ε54Cr vs Δ17O showing NWA 6704 compared to other meteorites. Figure modified 
from Sanborn et al. (2014b).  
5.2 Procedures 
Analysis of U-Pb-Th for NWA 6704 was conducted on 10 fractions consisting 
of four plagioclase and six pyroxene fractions. While nine of the fractions consisted 
of grains 100-250 µm in size, one pyroxene fraction contained only grains >250 µm. 
For NWA 10132, U-Pb-Th analysis was conducted on only one pyroxene and one 
whole rock fraction. Nevertheless the fraction weights for NWA 10132 were 
considerably larger weighing ~40 mg compared to ~15 mg for NWA 6704. A 
complete list of sample information including weights can be seen in Table 5.1. 
Sample preparation and mineral separation was undertaken following the 
procedures described in section 2.2. The acid leaching procedure applied to NWA 
6704 followed the standard leaching procedure described in section 2.3 of the 
Methods chapter. The leaching procedure applied to NWA 10132 was slightly 
different, with four washing steps undertaken rather than the standard two. 
However, the only physical difference related to wash 3, which involved one 0.5 M 
HF wash on a hotplate for 1 hour at ~110° C. The first wash used was identical to 
wash 1 in the standard procedure, while wash 2 and wash 3 were just the 2nd wash 
from the standard procedure split into their 7 M HNO3 and 6.2 M HCl steps. 
Complete dissolution of the residues and sample spiking followed the procedure 
103 
 
described in section 2.3. The chemical separation of Pb and U plus Th was 
conducted following the previous chemistry protocol for NWA 6704 and the 
updated chemistry protocol for NWA 10132 (described in sections 2.4 and 2.6 of the 
Methods chapter). 
The analysis of Pb isotopes for NWA 6704 was conducted on the Thermo 
Fisher Triton Plus Thermal Ionisation Mass Spectrometer (TIMS) at the Australian 
National University (ANU). Depending on signal intensity, analyses were made 
using either static mode on the multiple Faraday cups or by peak jumping on the 
secondary electron multiplier (SEM). However because the pyroxene residues 
yielded low signals on 204Pb but high on 206Pb, 207Pb and 208Pb, 205Pb/204Pb was 
measured peak jumping on the SEM after an initial run in static mode using Faraday 
cups. The NIST SRM-981 standard was monitored during the analysis of NWA 6704 
with the resulting uncertainties quadratically added to the samples. The Pb isotope 
analysis for NWA 10132 was conducted on both the Thermo Fisher Triton Plus 
TIMS and the modified Finnigan MAT 261 TIMS at the ANU. Analyses on the 
Triton Plus (wash 1 and wash 2) were conducted using either static mode on the 
multiple Faraday cups or by peak jumping on the SEM. All MAT 261 analyses 
(residue and wash 3) were undertaken by peak jumping on the SEM. Although only 
the EARLYTIME 1x standard was monitored during the analysis of NWA 10132, 
either the long term SRM-981 uncertainty (for <700 206Pb/204Pb), or the measured 
EARLYTIME 1x uncertainty (for >700 206Pb/204Pb) was quadratically added to each 
of the samples. The leaching and digestion blanks were run on Triton Plus TIMS for 
NWA 6704 and the modified Finnigan MAT 261 TIMS for NWA 10132.  The total 
procedural Pb blanks for NWA 6704 (A49) ranged from 1.8 pg (wash 2) to 1.0 pg 
(residue), while for NWA 10132 (A93) they ranged from 1.3 pg (wash 1) to 0.6 pg 
(wash 3, wash 4 and residue). All U and Th measurements for both NWA 6704 and 
NWA 10132 were carried out following the procedures described in section 2.8 of 
the Methods chapter. 
As the analysis of NWA 10132 consisted of a leaching step involving hot HF, 
the possibility of leaching induced Pb isotopic fractionation, as seen in the Asuka 
881394 fractions (see section 4.2), could not be ignored. Both analyses batches 
consisted of hot dilute HF washes which were left on a hotplate at 110°C for 1 hour. 
The only difference between the two analyses was that 1 M HF was used for Asuka 
881394, while 0.5 M HF was used for NWA 10132. Although there are no obvious 
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signs of leaching induced isotopic fractionation in the NWA 10132 fractions, the 
spread in Pb isotopic space between the residues and the hot HF leachates makes it 
hard to assess the possibility. However as the leaching procedure is almost identical 
to the procedure used on Asuka 881394, any isochron involving these fractions 
would have to be viewed with a high degree of uncertainty. As a result, it was 
deemed appropriate to numerically recombine the wash 4 and residue analyses in 
the same way as described in section 4.2. Therefore the NWA 10132 fractions will 
be referred to as wash 1, wash 2, wash 3 and W4+R.  
As discussed in section 2.8 of the Methods chapter, a significant offset was 
observed in the 207Pb/206Pb ratios of the standard measurements run on the MAT 261 
SEM detector compared to the Triton Plus TIMS Faraday cups. As SEM detectors are 
known to experience drift, sample measurements made on the MAT 261 SEM 
detector were corrected corresponding to the observed detector offset in the 
SRM-981 207Pb/206Pb ratios (0.082% difference between the Triton Plus TIMS 
Faraday cup measurements and the MAT 261 SEM detector measurements). As all 
NWA 6704 measurements were made on the Triton TIMS, the NWA 6704 data is 
unaffected by this. In contrast however, a number of NWA 10132 samples, 
including all wash 3, wash 4 and residue analysis, were conducted on the MAT 261 
SEM detector. As a consequence, these analyses underwent a 207Pb/206Pb correction 
of 0.082% prior to being presented in this study.  
5.3 Results 
All measured U and Pb concentrations and isotopic ratios are presented in 
Table 5.1. As sample weights are measured prior to acid leaching the total 
recombined values represent the maximum while the residues represent the 
minimum. The reasons for this are discussed in section 3.3.1. As to remove any 
possible isotopic fractionation effects caused by the hot HF leachate, the 4th washes 
and residues were recombined for NWA 10132. As a result, for the remainder of the 
chapter these recombined analyses will be referred to as W4+R.  
  
 
 
 
 
 
Table 5.1. NWA 6704 and NWA 10132 U-Pb isotopic data for all acid washed fractions. 
*Radiogenic Pb, corrected for non-radiogenic Pb using 204Pb and the primordial Pb isotopic composition from Tatsumoto et al. (1973). 
Sample   Fraction Weight U U Pb Pb  
206
Pb/
204
Pb  
206
Pb/
204
Pb
 207
Pb/
206
Pb
 207
Pb/
206
Pb Error Corr.
 207
Pb*/
235
U
 207
Pb*/
235
U
 206
Pb*/
238
U
 206
Pb*/
238
U
207
Pb*/
206
Pb*
207
Pb*/
206
Pb* U-Pb  238/204 
mg ppb pg ppb pg  (total) %error  (total) %error  4/6-7/6    %err     %err  Age (Ma) Age error % discord. (µ)
A49 (NWA 6704)
A49 1W1 Plagioclase 13.60 8.38 113.92 17.53 238.36 62.14 0.81 0.695545 0.067 0.83122 60.73 0.391 0.70676 0.39 4562.04 0.888 31.4 74.75
A49 2W1 Plagioclase 18.63 7.43 138.39 14.86 276.83 56.86 0.64 0.701669 0.057 0.79643 56.12 0.350 0.65384 0.35 4560.40 0.852 36.5 72.73
A49 3W1 Plagioclase 14.81 7.88 116.76 18.87 279.42 42.43 0.43 0.729555 0.047 0.72760 59.51 0.372 0.69194 0.37 4563.26 0.930 32.8 47.86
A49 4W1 Plagioclase 11.58 8.54 98.87 17.32 200.62 52.45 0.77 0.708957 0.073 0.83687 54.90 0.476 0.63878 0.48 4562.18 1.027 38.0 67.54
A49 5W1 Pyroxene 17.20 2.54 43.70 19.80 340.54 21.16 0.09 0.818250 0.028 0.08800 109.29 0.449 1.33844 0.44 4487.91 1.271 -33.0 8.85
A49 6W1 Pyroxene 17.12 2.54 43.42 21.10 361.29 20.80 0.18 0.821834 0.027 0.02700 114.37 0.503 1.40179 0.45 4486.76 2.080 -39.3 8.20
A49 7W1 Pyroxene 12.94 2.58 33.44 21.77 281.69 20.83 0.22 0.823313 0.030 0.03000 116.35 0.619 1.41837 0.56 4494.62 2.413 -40.6 8.12
A49 8W1 Pyroxene 15.88 3.08 48.91 27.29 433.42 20.61 0.15 0.825384 0.026 0.01600 120.91 0.430 1.47568 0.38 4492.91 1.847 -46.4 7.66
A49 9W1 Pyroxene 17.34 4.06 70.45 43.12 747.76 20.06 0.12 0.831314 0.024 0.00300 139.96 0.308 1.71039 0.26 4491.10 1.556 -69.8 6.29
A49 10W1 Pyroxene 19.84 1.44 28.63 32.99 654.44 18.42 0.10 0.857243 0.025 0.00600 273.69 0.434 3.29181 0.41 4514.19 1.583 -224.4 2.77
A49 1W2 Plagioclase 13.60 0.78 10.61 0.50 6.73 29.41 10.60 0.771147 1.460 0.94093 13.47 23.100 0.15853 24.00 4545.39 23.927 84.5 126.82
A49 2W2 Plagioclase 18.63 0.83 15.46 0.43 8.10 42.58 17.50 0.731565 1.870 0.99196 13.99 16.500 0.16184 17.10 4570.37 15.062 84.3 205.60
A49 3W2 Plagioclase 14.81 0.87 12.87 0.38 5.58 43.68 26.50 0.733185 2.650 0.99234 11.96 24.000 0.13723 25.00 4582.78 22.868 86.8 250.44
A49 4W2 Plagioclase 11.58 0.83 9.64 14.66 169.74 18.11 0.22 0.875912 0.066 0.08500 214.55 1.520 2.45994 1.54 4583.56 3.560 -137.4 3.58
A49 5W2 Pyroxene 17.20 0.30 5.24 0.33 5.64 30.73 13.90 0.779511 1.460 0.97330 24.37 27.100 0.27722 28.40 4595.11 29.363 73.3 77.27
A49 6W2 Pyroxene 17.12 0.28 4.74 0.24 4.10 31.75 21.00 0.768330 2.480 0.98159 19.84 38.100 0.22904 39.90 4573.76 36.779 77.8 98.00
A49 7W2 Pyroxene 12.94 0.26 3.37 0.28 3.65 30.44 22.20 0.779425 2.390 0.97604 24.13 45.000 0.27538 47.40 4590.44 46.876 73.5 76.74
A49 8W2 Pyroxene 15.88 0.28 4.48 0.18 2.89 39.56 45.50 0.746596 4.630 0.99082 17.46 50.600 0.19910 53.20 4591.43 49.767 80.8 151.94
A49 9W2 Pyroxene 17.34 0.23 3.92 0.15 2.58 64.39 96.00 0.698042 7.470 0.99642 22.79 47.400 0.26270 49.30 4575.63 40.106 74.6 209.68
A49 10W2 Pyroxene 19.84 0.13 2.52 0.23 4.48 72.98 59.50 0.689924 4.180 0.99632 65.09 24.500 0.75038 25.30 4575.62 20.705 27.4 84.85
A49 1R Plagioclase 13.60 0.49 6.71 2.01 27.38 159.72 18.30 0.652889 0.664 0.97905 168.00 2.950 1.95003 3.00 4565.80 3.071 -89.2 77.13
A49 2R Plagioclase 18.63 0.77 14.40 1.84 34.31 266.55 24.60 0.642450 0.544 0.99432 104.64 2.150 1.21300 2.19 4567.72 1.782 -17.6 212.07
A49 3R Plagioclase 14.81 0.51 7.61 1.80 26.70 469.14 55.50 0.635779 0.707 0.99580 161.79 2.750 1.87365 2.80 4569.07 2.129 -81.6 245.42
A49 4R Plagioclase 11.58 0.52 6.01 1.88 21.73 371.25 53.80 0.639191 0.856 0.99698 164.31 3.460 1.90009 3.52 4571.21 2.592 -84.0 190.49
A49 5R Pyroxene 17.20 4.41 75.83 8.52 146.54 282.38 5.50 0.638133 0.120 0.97386 94.08 0.453 1.09667 0.46 4559.61 0.525 -6.6 249.00
A49 6R Pyroxene 17.12 4.41 75.50 7.78 133.11 856.65 18.40 0.628490 0.134 0.97670 92.02 0.475 1.07085 0.48 4562.08 0.536 -4.0 791.28
A49 7R Pyroxene 12.94 4.46 57.67 7.62 98.58 2174.11 62.90 0.625417 0.185 0.96282 91.21 0.623 1.06121 0.63 4562.32 0.848 -3.1 2039.94
A49 8R Pyroxene 15.88 4.52 71.70 7.99 126.81 806.07 18.10 0.629555 0.143 0.95757 92.31 0.499 1.07288 0.51 4563.81 0.698 -4.1 742.64
A49 9R Pyroxene 17.34 4.71 81.59 8.48 147.12 607.66 11.90 0.630784 0.127 0.92224 92.84 0.440 1.08011 0.45 4562.42 0.803 -4.9 553.97
A49 10R Pyroxene 19.84 6.22 123.31 10.81 214.40 681.04 8.98 0.632596 0.084 0.93973 91.32 0.307 1.05795 0.31 4568.55 0.475 -2.5 634.94
A93 (NWA 10132)
A93 5W1 Pyroxene 35.50 1.56 55.29 6.88 244.39 26.38 0.36 0.785208 0.038 0.26800 79.17 0.601 0.94086 0.55 4531.65 2.293 7.8 18.15
A93 6W1 Whole Rock 51.80 3.58 185.48 11.92 617.35 30.59 0.12 0.758449 0.028 0.41920 66.52 0.218 0.79553 0.21 4522.46 0.720 21.9 26.75
A93 5W2 Pyroxene 35.50 0.24 8.59 0.31 10.98 34.10 5.47 0.739241 0.824 0.99061 29.47 8.080 0.35534 8.27 4510.68 5.680 65.0 69.78
A93 6W2 Whole Rock 51.80 0.62 32.08 0.72 37.54 27.74 1.04 0.766537 0.183 0.96577 22.29 2.590 0.27165 2.65 4494.97 2.035 73.1 67.84
A93 5W3 Pyroxene 35.50 0.10 3.54 0.20 7.12 126.45 21.00 0.656814 0.965 0.99507 88.61 5.100 1.03463 5.18 4557.13 3.362 -0.6 113.22
A93 6W3 Whole Rock 51.80 0.07 3.75 0.27 14.07 33.88 2.19 0.746089 0.309 0.97972 87.75 3.890 1.04369 3.97 4530.39 2.815 -2.3 23.55
A93 W4+R Pyroxene 35.5 2.20 78.11 3.79 134.53 1584.43 22.10 0.625943 0.092 0.89950 90.77 0.325 1.05647 0.33 4561.75 0.640 -2.6 1490.93
A93 W4+R Whole Rock 51.8 1.97 101.84 4.03 208.65 248.88 2.23 0.640117 0.075 0.71460 96.30 0.252 1.12287 0.25 4559.22 0.827 -9.1 213.36
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5.3.1 U concentrations 
Total U concentrations for the NWA 6704 recombined fractions range from 
9.9 to 9.0 ppb for plagioclase and 7.3 to 9.0 for pyroxene. The NWA 10132 
recombined fractions contain 4.1 ppb U and 6.2 ppb U for the pyroxene and whole 
rock fractions respectively. For the NWA 6704 plagioclase fractions, most of the U 
was contained within the first washes with U concentrations ranging from 8.5 to 7.5 
ppb. This suggests the plagioclase 1st washes contained a U rich phase which was 
soluble in dilute HNO3. The remainder of the U within the plagioclase fractions was 
split fairly evenly between the 2nd washes and the residues. The pyroxene fractions 
from NWA 6704 show their highest U concentrations within the residues with U 
concentrations ranging from 6.2 ppb to 4.4 ppb. As the 2nd washes of the NWA 6704 
pyroxenes contained almost no U (<0.3 ppb), most U not within the residues was 
contained in the 1st washes. NWA 10132 shows an almost even split in U 
distribution between the 1st washes (pyroxene = 1.6 ppb, whole rock = 3.5 ppb) and 
the W4+R (pyroxene = 2.2 ppb, whole rock = 2.0 ppb) for both fractions. Both wash 
2 and wash 3 within the NWA 10132 fractions contained <0.6 ppb U.  
The total recombined pyroxene and whole rock U concentrations for both 
NWA 6704 and NWA 10132 are low compared to a number of other achondrites 
(e.g. 47 to 192ppb U in angrites) (Amelin, 2008a; Amelin, 2008b). Additionally, the 
total recombined U concentrations and the U distribution for the pyroxene and 
whole rock fractions are almost identical to Asuka 881394 (seen in section 4.3.1). 
5.3.2 Pb concentrations and isotopic ratios 
The total Pb concentrations for the NWA 6704 recombined fractions range 
from 34 ppb to 17 ppb for the plagioclase fractions and from 52 to 29 ppb for the 
pyroxene fractions. For NWA 10132, the total recombined Pb concentrations are 
11ppb for the pyroxene and 17 ppb for the whole rock. The highest concentrations 
of Pb for all NWA 6704 and NWA 10132 fractions occur within the 1st washes. 
However with the exception of the plagioclase fractions, which also contain a 
significant amount of radiogenic Pb, most of this Pb is non-radiogenic. The lowest 
residue Pb concentrations are shown by the NWA 6704 plagioclase fractions which 
have Pb concentrations of 2.0 to 1.8 ppb.  In comparison, the NWA 6704 pyroxene 
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residues contain Pb concentrations of 10.8 to 7.6 ppb Pb while the NWA 10132 
W4+R analyses contain 3.8 (pyroxene) and 4.0 (whole rock) ppb Pb.  
The acid leaching of both the NWA 6704 and NWA 10132 fractions 
preferentially removed non-radiogenic Pb relative to radiogenic Pb. As a result, the 
residues (or W4+R) of each fraction contain highly radiogenic Pb relative to the 
washes. For NWA 6704 this resulted in 206Pb/204Pb ratios of 160 to 371 for the 
plagioclase residues and 282 to 2147 for the pyroxene residues. The NWA 10132 
pyroxene and whole rock W4+R analysis were also radiogenic with 206Pb/204Pb ratios 
of 1584 and 249 respectively. For the NWA 6704 pyroxene and NWA 10132 
pyroxene and whole rock fractions each progressive leaching step resulted in more 
radiogenic Pb relative to non-radiogenic Pb. In contrast, the NWA 6704 plagioclase 
fractions consist of more radiogenic 1st washes (206Pb/204Pb of 42 to 62) relative to 
their 2nd washes (206Pb/204Pb of 18 to 44). Additionally, the plagioclase 1st washes are 
significantly more radiogenic than the NWA 6704 pyroxene 1st washes (206Pb/204Pb of 
18 to 21).  This suggests that the plagioclase fractions likely contained a mineral 
phases which was high in U but soluble in dilute HNO3 (e.g. phosphates).  
Furthermore, it is possible that some of the radiogenic Pb contained within the 
plagioclase residues came from phosphate inclusions that were protected within the 
plagioclase crystals during leaching. 
5.3.3 Pb-Pb isochron ages 
Although there is currently no published 238U/235U ratio for either NWA 6704 
or NWA 10132, the 238U/235U ratio of NWA 6704 has recently been calculated. As a 
consequence, the measured NWA 6704 238U/235U ratio of 137.7784 ± 0.0097 
(Unpublished data determined at UC Davis by Huyskens et al.) was used for all 
NWA 6704 ages calculated in this study. Furthermore, as NWA 10132 is currently 
thought to share a parent body with NWA 6704 (and as of yet no 238U/235U ratio for 
NWA 10132 has been measured), the NWA 6704 238U/235U ratio of 137.7784 ± 0.0097 
was also used for the calculation of all NWA 10132 ages.  
A plot of 207Pb/206Pb vs. 204Pb/206Pb for all washes and residues of the NWA 
6704 plagioclase fractions can be seen in Fig. 5.2. The isochron regression within this 
figure was made using all plagioclase washes and residues and defines a line which 
passes though the primordial Pb composition of Tatsumoto et al. (1973) and well 
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clear of the modern terrestrial Pb composition of Stacey and Kramers (1975). This 
suggests that the plagioclase fractions are a mixture of only radiogenic Pb and 
primordial Pb with a complete absence of detectible modern “terrestrial” Pb. 
Nevertheless, a Pb-Pb isochron regression using only the plagioclase residues yields 
an imprecise age of 4570 ± 11 Ma, MSWD = 3.6. Additionally, a 207Pb/206Pb vs. 
204Pb/206Pb plot showing the position of all NWA 6704 residues (including the 
pyroxene residues from Iizuka et al. (2013a)) and NWA 10132 W4+R analyses (Fig. 
5.3) shows that the NWA 6704 plagioclase residues have higher 207Pb/206Pb relative 
to the other equally radiogenic points (a few of the pyroxene residues, especially 
A49 10, appear to also show a higher 207Pb/206Pb). As a result of this uncertainty and 
the low precision on the NWA 6704 plagioclase residue isochron, the plagioclase 
fractions were deemed not suitable for determination of a Pb-Pb age for the 
crystallisation of NWA 6704.   
All NWA 6704 pyroxene washes and residues can be seen plotted on 
207Pb/206Pb vs. 204Pb/206Pb in Fig. 5.4. As seen in the figure, all washes and residues 
generally lie between the most radiogenic point, modern crustal Pb (Stacey and 
Kramers, 1975) and primordial Pb (Tatsumoto et al., 1973). The 1st washes show a 
strong modern terrestrial Pb component indicating the presence of modern 
terrestrial Pb within NW 6704. In contrast, the 2nd washes appear to lie on or 
slightly above the line connecting most radiogenic point and primordial Pb, 
indicating there may be an unknown source of Pb with higher 207Pb/206Pb that 
primordial Pb. Additionally, on closer inspection of the residues (Fig. 5.3), the point 
A49 10R shows a similar Pb isotopic composition to the NWA 6704 plagioclase 
residues (elevated 207Pb/206Pb ratios). As a result, this point was excluded from all Pb-
Pb isochron ages. The isochron shown in Fig. 5.4. is regressed using all remaining 
pyroxene washes and residues (excluding A49 10R) and yields an age of 4562.7 ± 3.7 
Ma, MSWD = 179. This isochron passes close to the modern crustal Pb composition; 
however this is likely due to the significant modern Pb component within the 1st 
washes.  
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Figure 5.2. Plot of 207Pb/206Pb vs. 204Pb/206Pb for all NWA 6704 plagioclase washes and residues. The 
isochron regression (solid line) and age is constructed using all analyses. The isotopic composition of 
primordial Pb for Canyon Diablo troilite (CDT) (Tatsumoto et al., 1973) and modern terrestrial Pb 
(MT) (Stacey and Kramers, 1975) are also shown. The dashed lines indicate the isochron error. For 
clarity, the errors for each single point and the isochron regression are not shown. Wash 1 = red, 
wash 2 = light blue, residue = black. 
 
A Pb-Pb isochron using the five NWA 6704 pyroxene residues (excluding A49 
10R) yields a fairly imprecise age of 4563.7 ± 2.4 Ma, MSWD = 11. This low 
precision is likely due to two of the included fractions, A49 8R and A49 5R, 
containing Pb other than radiogenic and initial primordial Pb. The first point, A49 
8R, shows a similar disturbance to A49 10R and the NWA 6704 plagioclase residues, 
but to a much smaller degree. While the second point, A49 5R, is much less 
radiogenic (206Pb/204Pb of 282 compared to 607 to 2174) than the other pyroxene 
residues and likely contains some “terrestrial” modern Pb. As a result, these two 
points were not included in any final Pb-Pb isochron age. However with these two 
points excluded, the data becomes a three point isochron (with an age of 4563.1 ± 
1.2 Ma, MSWD = 0.56), which is doubtful at best. As Iizuka et al. (2013a) has 
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previously conducted U-Pb analysis on a number of NWA 6704 fractions, the 
datasets were combined in order to improve the accuracy and precision of the 
isochron. When our three pyroxene residues are combined on a Pb-Pb isochron 
with the five pyroxene residue fractions from Iizuka et al. (2013a) with 206Pb/204Pb 
> 700, it yields an age of 4562.38 ± 0.49 Ma, MSWD = 0.28 (Fig. 5.5). As this age 
contains the most radiogenic and robust fractions, we consider this to be the most 
precise and accurate age of NWA 6704.  
 
 
Figure 5.3. Plot of 207Pb/206Pb vs. 204Pb/206Pb for all NWA 6704 residue and NWA 10132 W4+R 
analyses from both this study and the study by Iizuka et al. (2013a). Lines connecting the most 
radiogenic point to primordial Pb (PAT) (Tatsumoto et al., 1973) and modern terrestrial Pb (MT) 
(Stacey and Kramers, 1975) are also shown. Yellow ellipses = NWA 6704 plagioclase, black ellipses = 
NWA 6704 pyroxene (this study), light grey ellipses = NWA 6704 pyroxene (Iizuka et al., 2013a), 
pink ellipses = NWA 10132 pyroxene and whole rock. 
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Figure 5.4. Plot of 207Pb/206Pb vs. 204Pb/206Pb for all NWA 6704 pyroxene washes and residues. The 
isochron regression and age is constructed using all analysis excluding the analysis A49 10. The 
isotopic composition of primordial Pb for Canyon Diablo troilite (CDT) (Tatsumoto et al., 1973) and 
modern terrestrial Pb (MT) (Stacey and Kramers, 1975) are also shown. The dashed line indicates the 
mixing line between radiogenic and primordial Pb. For clarity, the errors for each single point and 
the isochron regression are not shown. Wash 1 = red, wash 2 = light blue, residue = black. 
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Figure 5.5. Plot of 207Pb/206Pb vs. 204Pb/206Pb for NWA 6704 showing the 5 selected pyroxene residues 
from Iizuka et al. (2013a) (light grey) and the 3 selected pyroxene residues from this study (black). 
The age uncertainty in brackets includes the uncertainty of the 238U/235U ratio. 
 
The NWA 10132 analyses (Fig. 5.6) show somewhat similar Pb isotopic trends 
to the NWA 6704 pyroxenes.  However in contrast to NWA 6704, the 2nd washes for 
NWA 10132 plot below the line connecting most radiogenic point and primordial 
Pb (as opposed to above the line for the NWA 6704 pyroxene 2nd washes). This 
indicates that the NWA 10132 fractions contain a mix of only radiogenic Pb, 
primordial Pb with the composition of Tatsumoto et al. (1973) and modern 
terrestrial Pb with the composition of Stacey and Kramers (1975). An isochron using 
all analyses from both NWA 10132 fractions yields an age of 4562.2 ± 8.6 Ma, 
MSWD = 203 (Fig. 5.6). 
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Figure 5.6. Plot of 207Pb/206Pb vs. 204Pb/206Pb for all NWA 10132 washes and residues. The isochron 
regression and age is constructed using all analysis. The isotopic composition of primordial Pb for 
Canyon Diablo troilite (CDT) (Tatsumoto et al., 1973) and modern terrestrial Pb (MT) (Stacey and 
Kramers, 1975) are also shown. The dashed line indicates the mixing line between radiogenic and 
primordial Pb. For clarity, the errors for each single point and the isochron regression are not shown. 
Wash 1 = red, wash 2 = light blue, wash 3 = dark blue, residue = black. 
 
As only two fractions for NWA 10132 were analysed, obtaining a completely 
robust Pb-Pb isochron age is probably not possible. However, as the pyroxene W4+R 
is very radiogenic (206Pb/204Pb = 1584), thus constraining the isochron near to the y 
axis, any isochron produced which includes this point is likely to be within ~1 Ma of 
the actual crystallisation age (assuming the pyroxene W4+R analysis is accurate). A 
Pb-Pb isochron using the three most radiogenic NWA 10132 points (pyroxene 
W4+R, whole rock W4+R and pyroxene wash 3) yields an age of 4562.12 ± 0.67 Ma, 
MSWD = 0.47 (Fig. 5.7) However as the pyroxene wash 3 and the whole rock W4+R 
may contain some detectible modern terrestrial Pb, this age could be slightly older 
than the actual crystallisation age.  
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Figure 5.7. Plot of 207Pb/206Pb vs. 204Pb/206Pb for NWA 10132 showing the 3 selected analyses. The two 
black ellipses are W4+R (pyroxene and whole rock) while the dark blue ellipse is the pyroxene wash 
3. The age uncertainty in brackets includes the uncertainty of the 238U/235U ratio. 
5.3.4 207Pb*/206Pb* dates  
The 207Pb*/206Pb* model dates for all NWA 6704 and all NWA 10132 analyses 
from this study can be seen in Table 5.1 and were calculated assuming 238U/235U = 
137.7784 (Unpublished data determined at UC Davis by Huyskens et al.).  
Additionally, the 207Pb*/206Pb* model dates of the NWA 6704 residues from this study 
and from Iizuka et al. (2013a) can be seen in Fig.  5.8.  
The weighted average 207Pb*/206Pb* model age of all NWA 6704 plagioclase 
residues yields an age of 4568.5 ± 3.0 Ma, MSWD = 2.8 (Fig. 5.8). This age is in 
agreement with the plagioclase Pb-Pb isochron age of 4570 ± 11 Ma. However as 
seen in Fig. 5.8 and Table 5.1, the plagioclase 207Pb*/206Pb* model ages are not in 
complete agreement with each other, with the progressively more radiogenic 
analyses showing older model ages. This suggests that the plagioclase residues likely 
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consist of an anomalous non-radiogenic Pb component (which is discussed below in 
the discussion section of this chapter) with variable concentrations.  
The weighted average 207Pb*/206Pb* model age of the 8 pyroxene residues used 
in the Pb-Pb isochron regression yields an age of 4562.25 ± 0.25 Ma, MSWD = 0.30 
(Fig. 5.8). This age is in complete agreement with the Pb-Pb isochron age of 4562.38 
± 0.49 Ma. As 207Pb*/206Pb* model ages are calculated assuming all non-radiogenic Pb 
after blank subtraction is primordial Pb, this strong agreement between the ages 
suggests that the selected fractions likely contained only radiogenic and primordial 
Pb. Additionally, the complete agreement between each pyroxene residues 
207Pb*/206Pb* model age adds further support for their selection as appropriate points 
for producing an accurate, precise and robust NWA 6704 crystallisation age. 
Although the weighted average 207Pb*/206Pb* model age is slightly more precise than 
the Pb-Pb isochron age, the lack of assumptions associated with the isochron age 
makes it our final age.  
 
Figure 5.8. Plot showing the 207Pb*/206Pb* model ages for all NWA 6704 residue analysis from both 
this study and the study by Iizuka et al. (2013a).  The weighted average 207Pb*/206Pb* model ages 
shown are for all plagioclase residues (top left) and for the selected pyroxene residues (bottom right). 
Plagioclase residues from this study = yellow, pyroxene residues from this study = black, pyroxene 
residues from Iizuka et al. (2013a) = grey. The filled boxes, which are also intersected by the best fit 
lines, were used in the weighted average age calculations, while the dashed boxes were not. 
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The weighted average 207Pb*/206Pb* model age of the three points used in the 
NWA 10132 Pb-Pb isochron age is 4560.7 ± 4.0 Ma, MSWD = 14.0. Although this 
age is in agreement with the Pb-Pb isochron age of 4562.12 ± 0.67 Ma, the 
disagreement in 207Pb*/206Pb* model ages between the individual points causes the 
precision to be low. As seen in Table 5.1, the 207Pb*/206Pb* model dates of the NWA 
10132 pyroxene and whole rock W4+R analyses are 4561.75 ± 0.64 Ma and 4559.22 
± 0.83 Ma respectively.  The additional pyroxene wash 3 analysis, which was also 
used in the Pb-Pb isochron, shows a 207Pb*/206Pb* model date of 4557.13 ± 3.36 Ma. 
The younger 207Pb*/206Pb* model ages produced by the whole rock W4+R and the 
pyroxene wash 3 suggest that they may have suffered from incomplete removal of 
modern terrestrial Pb. This is further supported by the whole rock W4+R and the 
pyroxene wash 3 containing only moderately radiogenic Pb with 206Pb/204Pb ratios of 
249 and 126 respectively. In contrast, the pyroxene W4+R analysis contains very 
radiogenic Pb, with a 206Pb/204Pb ratio of 1584. This combined with the similarities 
between the NWA 10132 pyroxene W4+R and the NWA 6704 selected pyroxene 
residues suggests that the NWA 10132 pyroxene W4+R contained detectible 
quantities of only primordial and radiogenic Pb.  
5.3.5 U-Pb concordance 
The U-Pb concordance of all fractions analysed in this study can be seen in 
Table 5.1. Conventional (Wetherill-type) concordia diagrams of the NWA 6704 
plagioclase and pyroxene analyses and all NWA 10132 fractions analysed in this 
study can be seen in Figs. 5.9, 5.10 and 5.12 respectively. Additionally, a 
Conventional (Wetherill-type) concordia diagram of selected pyroxene residue 
analyses from both this study and the study by Iizuka et al. (2013a) can be seen in 
Fig. 5.11.  
With only a few exceptions, both the NWA 6704 plagioclase and pyroxene 
analysis show very similar discordance values within each phase and leaching step. 
For the plagioclase fractions, 1st washes range from 31% to 38%, 2nd washes range 
from 84% to 87% and residues range from -82% to -89%. The two exceptions to this 
were A49 4W2 (2md wash) and A49 2R (residue), which have % discordance values 
of -137% and -18% respectively. For the pyroxene fractions, the most deviation 
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occurred within the A49 10 analyses, which show % discordance values often much 
different to the other pyroxene fractions. Excluding this fraction, all NWA 6704 
pyroxene 1st washes range from -33% to -70%, all 2nd washes range from 73% to 81% 
and all residues range from -3% to -6%. These discordance values suggest that both 
the 1st and 2nd plagioclase washes and pyroxene 2nd washes may have preferentially 
removed U relative to Pb. In contrast, the plagioclase residues and pyroxene 1st 
washes appear to have preferentially removed Pb relative to U. Additionally, the 
near concordant pyroxene residues suggest these points were a closed system 
relative to U and Pb. The near zero discordia line intersects of all plagioclase 
analyses and the pyroxene wash 2 and residue analyses suggest the fractionation of U 
and Pb within these analyses was a recent process, which most likely occurred 
during acid leaching (Figs. 5.9 and 5.10).  
 
 
Figure 5.9. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for all NWA 6704 plagioclase 
washes and residues. For clarity, errors for single points are not shown. Wash 1 = red, wash 2 = light 
blue, residue = black. 
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With the exception of the 1st washes, the NWA 10132 fractions show similar 
% discordance values to the NWA 6704 pyroxenes, with values of 65% and 73% for 
wash 2 and -3% and -9% for the W4+R analyses. The 3rd washes were near 
concordant with a % discordance of -1% and -2%, while the 1st washes show % 
discordance values of 8% and 22% (compared to -33% to -70% for the NWA 6704 
pyroxene 1st washes).  Much like the NWA 6704 pyroxenes, with the exclusion of 
wash 1, the NWA 10132 discordia line intersects the concordia at near zero 
(although just outside of error).  
 
 
Figure 5.10. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for all NWA 6704 pyroxene 
washes and residues. For clarity, errors for single points are not shown. Wash 1 = red, wash 2 = light 
blue, residue = black. 
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Figure 5.11. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for NWA 6704 showing the 5 
selected pyroxene residues from Iizuka et al. (2013a) (light grey) and the 3 selected pyroxene residues 
from this study (black). 
 
As seen in Fig. 5.11. a U-Pb concordia diagram of the selected NWA 6704 
pyroxene residues from both this study and the study by Iizuka et al. (2013a) yields 
an age of 4563.9 ± 1.8 Ma, MSWD = 0.29. This age is in agreement with the Pb-Pb 
isochron age of 4562.38 ± 0.49 Ma (Fig. 5.5). As U-Pb concordia ages assume all non-
radiogenic Pb is primordial Pb, the agreement between these two ages further 
confirms the removal of modern terrestrial Pb from these residues. Additionally, this 
agreement reinforces the final Pb-Pb isochron age of NWA 6704. For NWA 10132, a 
U-Pb concordia using the three points selected for the Pb-Pb isochron yields an age 
of 4564 ± 20 Ma, MSWD = 11.2. While this age agrees with the Pb-Pb isochron age 
of 4562.12 ± 0.67 Ma (Fig. 5.7), the large error suggests that one or more points may 
have suffered from incomplete removal of modern terrestrial Pb.  
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Figure 5.12. Plot of 206Pb/238U versus 207Pb/235U (U–Pb concordia plot) for all NWA 10132 washes and 
residues. For clarity, errors for single points are not shown. Wash 1 = red, wash 2 = light blue, wash 3 
= dark blue, residue = black. 
 
 
5.4 Discussion 
5.4.1 The NWA 6704 U-Pb isotopic system 
5.4.1.1 Anomalous Pb in NWA 6704 
At first glance, the NWA 6704 U-Pb isotopic system appears to contain two 
sources of non-radiogenic Pb: initial Pb close to the primordial Pb composition and 
modern terrestrial Pb (Stacey and Kramers, 1975; Tatsumoto et al., 1973). However 
when examined in more detail it appears there is a non-radiogenic Pb component 
with higher 207Pb/206Pb ratio than primordial Pb. This is most evident within the 
plagioclase residues, which compared to the pyroxene residues, show elevated 
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207Pb/206Pb ratios relative to 204Pb/206Pb. As a consequence, on a 207Pb/206Pb vs 
204Pb/206Pb plot, all the plagioclase residues lie above the line connecting the most 
radiogenic point to primordial Pb (Fig. 5.3).  
Although the elevated 207Pb/206Pb ratios are most pronounced in the plagioclase 
residues, a couple of the pyroxene residues (most notably A49 10R) also show 
similar, but smaller elevations. Nevertheless, this is likely caused by plagioclase 
inclusions within pyroxene grains of these fractions. The analysis A49 10R, which 
shows the most pronounced elevation in 207Pb/206Pb, is from a fraction containing a 
grain size of >250 µm. All other NWA 6704 fractions contained crystals with a 
smaller grain size of 100-250 µm. Furthermore, A49 10 could not be picked to be an 
inclusion free fraction, as inclusions (especially plagioclase) are generally more 
difficult to identify within larger grains. As a result, it can be expected that the A49 
10 fraction would contain crystals with considerably more inclusions than the other 
NWA 6704 fractions. The other analysis which appears to show elevated 207Pb/206Pb 
(A49 8R) has a significantly smaller offset than A49 10R. While this may be also 
caused by plagioclase inclusions, the offset is small enough that there may be other 
possible causes such as blank variations. Either way, for any future U-Pb chronology 
analysis on NWA 6704, care must be taken when selecting mineral fractions for 
analysis.  
5.4.1.2 Fractionation of U between phases? 
Determining the source of the elevated 207Pb/206Pb ratios within the plagioclase 
residues is challenging. One possibility is that U experienced isotopic fractionation 
between the phases. This would mean the true ages are identical, but due to each 
mineral phase having a different 238U/235U ratio, there is an apparent age gap of ~8-9 
Ma. An age gap of this size however would require a difference of ~0.5% in the 
plagioclase and pyroxene 238U/235U ratios. If we assume the pyroxene 238U/235U is 
137.7784, this would require the plagioclase 238U/235U to be ~137.100. As this U 
isotopic ratio (238U/235U = 137.100) is lower than any 238U/235U ratio measured on 
either terrestrial or extra-terrestrial mineral or whole rock fractions, this scenario 
appears very unlikely (Goldmann et al., 2015; Hiess et al., 2012). Nevertheless, in 
order to test this scenario the 238U/235U of mineral separates (pyroxene and 
plagioclase) from NWA 6704 would need to be measured.  
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5.4.1.3 Aborted anomalous radiogenic Pb? 
Another possible source of the plagioclase Pb isotopic ratios could be the 
occurrence of variable amounts of Pb with a 207Pb/206Pb ratio higher than both 
primordial and modern terrestrial Pb. Such Pb with high 207Pb/206Pb ratios was 
produced by radioactive decay in the early Solar System when 235U was much more 
abundant. This occurred as a result of 235U having a shorter half-life relative to 238U, 
which as a consequence produced more 207Pb relative to 206Pb early on in the systems 
evolution. When left undisturbed, the 207Pb/206Pb ratio of the radiogenic Pb 
eventually starts to drop as 235U becomes depleted relative to 238U. This decrease in 
207Pb/206Pb continues overtime until it reaches the radiogenic Pb 207Pb/206Pb values 
we see today. However when the material is disturbed early and the parent U and 
radiogenic Pb are separated, then any newly formed material containing the 
previously radiogenic Pb will have an elevated 207Pb/206Pb relative to primordial Pb. 
The impact this aborted radiogenic Pb has on the measured ratios can be 
insignificant if the radiogenic decay occurred over a limited period and/or the 
material also has an abundance of primordial Pb. However if the materials formed in 
an environment with high 238U/204Pb (µ), thus low quantities of primordial Pb 
relative to U, then the newly formed material will likely have an initial Pb 
composition with an elevated 207Pb/206Pb relative to primordial Pb (Tera et al., 1974). 
This Pb, which is often referred to as “aborted high-µ Pb” (Amelin, 2008b; Amelin et 
al., 2009), was first discovered in Lunar samples (Tera et al., 1974) before been 
reported in a number of achondrites such as eucrites and angrites (Amelin, 2008b; 
Connelly et al., 2008b; Galer and Lugmair, 1996; Lugmair et al., 1991).  
5.4.1.4 The NWA 6704 parent body µ 
The overall effect that any aborted high-µ Pb has on the measured Pb ratios 
depends on two factors: The µ value (238U/204Pb) and the duration of radiogenic 
growth prior to the disturbance. Generally, the higher the µ value and the longer 
the period of radiogenic Pb growth (up to ~300 Ma depending on the µ value 
(Amelin et al., 2009)) the larger the impact any aborted high-µ Pb will have.  
Although any calculation of the µ value for the NWA 6704 parent body is an 
estimate at best, measurements of whole rock U and Pb values can provide 
constraints. However as NWA 6704 contains “contaminant” modern terrestrial Pb, 
total recombined µ values are likely to be lower than the true µ (of the parent rock). 
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In contrast, acid leaching removes minerals which contain initial Pb, so the residue 
µ values are likely to be higher than the true µ. As a result, the total recombined µ 
can be used as a minimum estimate, while the residue µ can be taken as a maximum 
estimate. While no NWA 6704 whole rock fractions were analysed in this study, Y. 
Amelin (unpublished data) analysed two whole rock fractions for U and Pb for the 
purpose of another study. Of these two fractions, one was acid leached while the 
other was left untreated. The µ values for these fractions consisted of 1110 for the 
residue, 37 for the same fraction recombined (washes and residues numerically 
recombined) and 27 for the un-leached fraction. In addition, one NWA 10132 whole 
rock fraction was analysed in this study, which consisted of µ values of 213 for the 
residue and 40 for the fraction recombined. However as NWA 10132 would likely 
not share the exact same history as NWA 6704 (there is no evidence for aborted 
high-µ Pb within NWA 10132), the µ values from NWA 10132 should not be used 
for NWA 6704.  
5.4.1.5 Source of the aborted high-µ Pb within NWA 6704 
There are two possible ways in which aborted high-µ Pb was incorporated into 
NWA 6704: As initial Pb at the time of NWA 6704 crystallisation, or as redistributed 
Pb at a later time as a result of a disturbance (e.g. as a result of metamorphism, 
alteration, or an impact). Both of these possibilities need to be investigated in order 
to understand the Pb systematics within NWA 6704. 
If we assume that the anomalous Pb within NWA 6704 formed prior to the 
meteorites crystallisation and was incorporated into NWA 6704 as initial Pb. We 
can then calculate the maximum time the aborted high-µ Pb had to form by using 
the current NWA 6704 age data (pyroxene Pb-Pb isochron age from this data = 
4562.55 ± 0.49 Ma, Mn-Cr age = 4562.87 ± 0.87 Ma, non-U corrected Al-Mg age = 
4563.48 ± 0.34 Ma) and the age of CAIs (4567.30 ± 0.16 Ma) (Connelly et al., 2012; 
Iizuka et al., 2013a; Sanborn et al., 2014a; Yin et al., 2013). This results in a 
maximum period of aborted radiogenic Pb growth of ~4-5 Ma. In order to calculate 
the degree of Pb depletion required to express the observed aborted high-µ Pb over 
this period of time, hypothetical NWA 6704 µ values (at 5 Ma of growth) are divided 
by the µ of the early Solar System. As CI chondrites are considered the most 
primitive meteorites (Anders, 1972), the µ of the CI chondrite Orgueil (238U/204Pb  of 
0.148) is used to calculate the degree of Pb depletion required for NWA 6704 
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(Tatsumoto et al., 1976). As seen in Fig. 5.13, where mixing lines to hypothetical 
high-µ environments are plotted (at 5 Ma of growth), the degree of Pb depletion 
relative to the CI chondrite Orgueil required to account for the plagioclase residues 
is ~5000 times (at least between 1000 and 10000). As the measured Orgieil µ 
(238U/204Pb) is 0.148 (Tatsumoto et al., 1976), this would require the NWA 6704 µ to 
be ~740 (at least between 148 and 1480).   
 
 
Figure 5.13. The same data and colour coding as Figure 5.3 plotted with mixing lines to Pb to 
hypothetical Pb components at 5 Ma formed by radiogenic growth in high- µ environments starting 
with the primordial Pb composition of Tatsumoto et al. (1973). The numbers with x beside the lines 
(e.g. x1000) represent the degree of depletion relative to the CI chondrite Orgueil (µ = 0.148) 
(Tatsumoto et al., 1976). So x1000 means a Pb depletion of 1000 times Orgueil which corresponds to µ 
= 148. 
 
While the measured µ values (27 µ to 1110 µ) for NWA 6704 should only be 
considered estimates, they are within the range (>400 µ) required to explain the Pb 
isotopic values seen in the plagioclase residues assuming 5 Ma of radiogenic growth. 
This suggests that aborted radiogenic Pb, which grew in a high µ pre-existing rock 
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or magma chamber for ~5 Ma, could have been incorporated into NWA 6704 as part 
of its initial Pb. Furthermore, as plagioclase has a high compatibility with Pb, it can 
be expected that a significant portion of the initial Pb (which would include the 
aborted high-µ radiogenic Pb) would reside in plagioclase, resulting in elevated 
207Pb/206Pb ratios. Nevertheless, as plagioclase is not a high U bearing phase, in this 
scenario the plagioclase residues should also be less radiogenic than what is 
observed. This, however, may be explained by the presence of U bearing phosphates 
within the NWA 6704 plagioclase fractions. While most phosphates would have 
dissolved within the 1st washes (as seen by the radiogenic plagioclase 1st washes in 
Fig. 5.2), some may have resided as inclusions within the plagioclase and remained 
protected until the plagioclase was finally dissolved (as the residue). This would 
result in the plagioclase residues appearing more radiogenic that expected, while 
also displaying elevated 207Pb/206Pb as a result of the aborted high-µ Pb incorporated 
at the time of the plagioclase crystallisation. 
 
Figure 5.14. The same data and colour coding as Figures 5.3 and 5.13 plotted with mixing lines to the 
Pb compositions formed by radiogenic growth with µ = 148, starting with the primordial Pb 
composition of Tatsumoto et al. (1973). The periods of radiogenic Pb growth shown are 5 Ma, 30 Ma 
and 100 Ma. 
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In order to further investigate the possibility that aborted high-µ Pb was 
incorporated into NWA 6704 as initial Pb, the wash fractions also need to be 
considered. This is because they contain large quantities of primordial Pb, which 
should show the effects of any aborted high-µ Pb. As seen in Fig. 5.2, an isochron 
using all NWA 6704 plagioclase analyses passes through primordial Pb, which 
usually indicates that all the Pb is either radiogenic or primordial. However if 
present in the right quantities, a mixture of modern terrestrial Pb and aborted high-
µ Pb can mimic the presence of primordial Pb. As modern terrestrial Pb is known to 
be present in NWA 6704 (from the pyroxene fractions), it is unlikely that the 
plagioclase fractions would contain none at all. Additionally, the plagioclase 2nd 
washes do show some scatter from a line connecting the most radiogenic point to 
primordial Pb, suggesting a mixture of modern terrestrial Pb and aborted high-µ Pb. 
As the pyroxenes crystallised out of magma with the same initial Pb as the 
plagioclase crystals (hence aborted high-µ Pb), their washes may also show signs of 
aborted high-µ Pb. While the pyroxene 1st washes plot close to modern terrestrial 
Pb, the 2nd washes do appear to plot above, a line connecting the most radiogenic 
point to primordial Pb (Fig. 5.4). This suggests that the non-radiogenic Pb 
component of the pyroxene fractions consists of modern terrestrial Pb, which is 
concentrated in the 1st washes, and aborted high-µ Pb, which is concentrated in the 
2nd washes. Furthermore, if these two wash fractions were combined, it would likely 
mimic something close to primordial Pb, similar to what is seen in the plagioclase 2nd 
washes.  
While it appears possible that aborted high-µ Pb was incorporated as initial Pb 
during the time of NWA 6704 formation, the uncertainty surrounding the NWA 
6704 parent bodies µ means this cannot be assumed correct. If the true µ of the 
NWA 6704 parent body is closer to the minimum measured value of ~30 µ, 5 Ma of 
radiogenic Pb growth would not be enough to account for the measured Pb isotopic 
compositions within the plagioclase residues. This would mean the aborted high-µ 
Pb seen in NWA 6704 must be a result of later a disturbance (>5 Ma after CAI 
formation) which remobilised the volatile elements (including Pb). However 
depending on the event, remobilisation may be large scale, resulting in total Pb gain 
or loss to the system, or internal, resulting in internal Pb movement but no loss or 
gain across the entire system.   
127 
 
A scenario involving internal Pb remobilisation was described by Amelin 
(2008b) to account for the aborted high-µ Pb seen in the angrite Sahara 99555. In 
the case of Sahara 99555, the aborted high-µ Pb was considered to have resulted 
from later internal Pb remobilisation from the U rich minerals (phosphates) to the 
more U poor minerals (pyroxene and plagioclase). As much of the U within NWA 
6704 resides in the pyroxenes, these fractions should show a Pb defect if internal Pb 
migration into plagioclase took place. However as seen by the pyroxene residues, 
this does not appear to be the case. Additionally, as seen in Fig. 5.4 (and described in 
section 5.4.1.5 above), the pyroxene 2nd washes show the opposite effect, indicating 
that if internal Pb migration occurred, pyroxene may have also suffered Pb gain. The 
only other significant U bearing phase within NWA 6704 is the phosphates. 
Nevertheless, phosphate Pb loss appears unlikely, as an isochron using 3 of the 4 
plagioclase first washes (which contained phosphates) passes close to primordial Pb 
and yields an age of 4560.0 ± 0.49 Ma. Additionally, the plagioclase residues likely 
contain phosphate inclusions, so if Pb was being lost from the phosphates and gained 
by the plagioclase, this effect would be somewhat cancelled out. As a result, it 
appears unlikely that NWA 6704 experienced internal migration of Pb as a result of 
a later disturbance.   
If the aborted high-µ Pb within NWA 6704 is a result of a later disturbance, it 
appears more likely that it occurred as a result of Pb gain into the entire system. This 
would explain the appearance of elevated 207Pb/206Pb ratios seen within both the 
plagioclase and pyroxene (wash 2) fractions. Additionally, many of the observed Pb 
isotopic compositions would likely appear similar to if aborted high-µ Pb was 
incorporated into NWA 6704 as initial Pb. As seen in Fig. 5.14, at a Pb depletion of 
1000 times relative to the CI chondrite Orgueil (equal to 148 µ), ~30 Ma since CAI 
formation is required to account for the Pb isotopic values seen in the plagioclase 
residues.  
Without knowing the true µ of the NWA 6704 parent material it is difficult to 
determine the true source of the NWA 6704 aborted high-µ Pb. If the NWA 6704 
parent body µ was ~400 or higher, it is likely that the aborted high-µ Pb was 
incorporated into NWA 6704 as initial Pb. However if the µ value was much lower 
than that, there would not have been enough time between the formation of the 
Solar System and the formation of NWA 6704 for sufficient radiogenic Pb growth to 
occur. This would mean that the aborted high-µ Pb must have been incorporated 
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into NWA 6704 as a result of later disturbance. Until the true µ of the NWA 6704 
parent body is known to a greater precision, the complete distinction between these 
two possibilities cannot be made. Nevertheless, the complete agreement between the 
weighted average 207Pb*/206Pb* model age and the Pb-Pb isochron age of the selected 
pyroxene residues does indicate that it may be more likely that the aborted high-µ 
Pb in NWA 6704 is a result of a later disturbance. The complete agreement between 
these two ages suggests that the non-radiogenic Pb within these analyses is 
primordial Pb. If the aborted high-µ Pb was incorporated as initial Pb, there would 
be no primordial Pb with the composition measured by Tatsumoto et al. (1973) 
available at the time of NWA 6704 crystallisation. So the possibility of NWA 6704 
having any Pb with the primordial Pb composition would not be possible unless the 
effect is mimicked by the right concentrations of modern terrestrial Pb to aborted 
high-µ Pb. In contrast, if the aborted high-µ Pb is a result of a later disturbance, the 
added Pb may have been unable to penetrate completely into the pyroxene crystals 
resulting in primordial Pb with the composition measured by Tatsumoto et al. 
(1973) remaining in the more robust parts of the crystal. This could also explain why 
the pyroxene 2nd washes do show the existence of aborted high-µ Pb. Nevertheless, 
as modern terrestrial Pb and aborted high-µ Pb can mimic primordial Pb (however it 
would likely show more variability), the possibility of the aborted high-µ Pb being 
incorporated as initial Pb cannot be ruled out. As a result, both possibilities still can 
be considered. Nonetheless, NWA 6704 does appear to contain aborted high-µ Pb, 
which means extra caution must be taken before any U-Pb age can be determined.  
5.4.2 NWA 6704 Pb-Pb age 
As NWA 6704 contains aborted high-µ Pb, careful consideration must be taken 
when selecting points to use for establishing a precise and accurate crystallisation 
age for the meteorite. Firstly, as the aborted high-µ Pb distribution is not uniform 
across the minerals, multiple phase isochrons are not viable. While secondly, 
variable proportions of aborted high-µ Pb and modern terrestrial Pb within all but 
the most radiogenic pyroxene residues rules them out of any final NWA 6704 age. 
This means that the only points available to produce an accurate isochron are the 
most radiogenic pyroxene residues. When the selected pyroxene residues from this 
study are combined with the pyroxene residues with 206Pb/204Pb > 700 from Iizuka et 
al. (2013a) into a Pb-Pb  isochron they produce an age of 4562.38 ± 0.49 Ma, MSWD 
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= 0.28 (Fig. 5.5). The validity of this age is confirmed by the complete agreement 
across all selected points 207Pb*/206Pb* model ages, as this indicates that the 
proportion of the non-radiogenic Pb components remained consistent across all 
selected points. Furthermore, the complete agreement between the weighted 
average 207Pb*/206Pb* model age (4562.25 ± 0.25 Ma) and the Pb-Pb isochron age 
suggests that the non-radiogenic Pb within the selected pyroxene residues is either 
primordial Pb, or a combination of non-radiogenic components that mimics 
primordial Pb. 
5.4.3 NWA 10132 U-Pb isotopic system 
Unlike NWA 6704, no analyses from NWA 10132 lie above the line 
connecting the most radiogenic analysis to primordial Pb with the composition 
measured by Tatsumoto et al. (1973) (Fig. 5.6). This suggests that NWA 10132 
contains a mixture of only radiogenic Pb, modern terrestrial Pb and primordial Pb. 
However, the strongest evidence for anomalous Pb within NWA 6704 came from 
the plagioclase fractions and no plagioclase fractions within NWA 10132 were 
analysed, so a small amount of anomalous Pb can be present undetected. 
Nevertheless, as the NWA 10132 whole rock fraction (which contains plagioclase) 
shows no sign of aborted high-µ Pb, it is unlikely to be present in any significant 
quantities within NWA 10132. Additionally, no other evidence seen for the aborted 
high-µ Pb within NWA 6704 appears in any NWA 10132 analyses. As a result, 
NWA 10132 likely contains only two sources of non-radiogenic Pb with the 
compositions of modern terrestrial Pb (Stacey and Kramers, 1975) and primordial Pb 
(Tatsumoto et al., 1973).  
5.4.4 NWA 10132 Pb-Pb age 
As only two fractions were analysed for NWA 10132, determining an accurate 
and precise U-Pb age is difficult. The selected Pb-Pb isochron (Age = 4562.12 ± 0.67 
Ma) consists of one robust and very radiogenic point (206Pb/204Pb = 1584) combined 
with two less radiogenic points (206Pb/204Pb = 249 and 126).  As the very radiogenic 
point appears to contain only primordial and radiogenic Pb, while the less 
radiogenic points also contain modern terrestrial Pb, it may be more appropriate to 
take the very radiogenic points (pyroxene W4+R) 207Pb*/206Pb* model age as the final 
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age. This is because the presence of modern terrestrial Pb within the less radiogenic 
fractions of a Pb-Pb isochron may cause an artificial increase in the date (it can raise 
the y intercept). This can result in a Pb-Pb isochron date which is older than the 
actual crystallisation age. Nevertheless, as the pyroxene W4+R analysis is very 
radiogenic and the whole rock W4+R and pyroxene wash 3 appear to contain only a 
small quantity of modern Pb, the effect of this is likely to be small. When the 
207Pb*/206Pb* model age of the pyroxene W4+R analysis (4561.75 ± 0.64 Ma) is 
compared to the Pb-Pb isochron age (4562.12 ± 0.67 Ma) there is a difference of only 
0.37 Ma. As this is easily within the error of both dates, any effect the non-
radiogenic Pb components had on the age is likely insignificant relative to the 
current precision. This is additionally supported by the general agreement between 
the weighted average 207Pb*/206Pb* model age and the Pb-Pb isochron age. As a result, 
either date could probably be used as the crystallisation age of NWA 10132. 
Nevertheless, the Pb-Pb isochron date is our preferred choice because it eliminates 
the assumption that the pyroxene W4+R contained only radiogenic and primordial 
Pb. In order to remove all assumptions and improve prevision and accuracy further, 
more fractions would need to be analysed.  
5.4.5 Implications for the NWA 6704 and NWA 10132 parent body 
The Pb-Pb ages of 4562.38 ± 0.49 Ma and 4562.12 ± 0.67 Ma for NWA 6704 
and NWA 10132 respectively indicate that their formation took place near-
simultaneously with quenched angrites and the ungrouped achondrites NWA 2976 
and NWA 7325 (Amelin, 2008a; Bouvier et al., 2011b; Brennecka and Wadhwa, 
2012). Additionally, this places their formation 4-5 Ma after the formation of CAIs 
(Connelly et al., 2012). Furthermore, the ages of these two meteorites also suggest 
that NWA 6704 and NWA 10132 crystallised near simultaneously. This adds further 
support to the chemical and mineralogical data which suggest that the two 
meteorites share the same parent body (Irving et al., 2015). Nevertheless, even 
though NWA 6704 and NWA 10132 appear to share a near identical formation age, 
the clear presence of aborted high-µ Pb within NWA 6704 and the clear lack of it 
within NWA 10132 is a distinct difference between the two meteorites. This means 
that NWA 6704 either formed from a different source of initial Pb to NWA 10132, 
or NWA 6704 was subjected to a later disturbance that NWA 10132 was not. Either 
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way, this indicates that the NWA 6704 and NWA 10132 parent body experienced 
spatial variability over the course of its evolution during the Early Solar System. 
Comparison between the updated U-Pb age and the Al-Mg and Mn-Cr ages of 
NWA 6704 show that all three chronometers agree fairly well. The NWA 6704 Pb-
Pb age of 4562.38 ± 0.49 and the Mn-Cr age of 4562.87± 0.87 are in complete 
agreement with a difference of only 0.49 Ma (Sanborn et al., 2014a). The Al-Mg age 
however is slightly older with an age of 4563.48 ± 0.34 Ma (Yin et al., 2013). This 
results in a Pb-Pb to Al-Mg age difference of 1.1 Ma, which is outside the error of 
both measurements. As the NWA 6704 and D’Orbigny (the anchor meteorite for 
both the Mn-Cr and Al-Mg ages) 238U/235U ratios have been measured, this can be 
ruled out as a possible cause of the apparent Pb-Pb to Al-Mg age discrepancy. 
Several possible causes still remain however, which include the closure of isotopic 
clocks at different temperatures, possible heterogeneities in these isotopic systems in 
the early Solar System or the disturbance of isotopic clocks by secondary processes. 
Nevertheless, as the discrepancy between the isotopic systems is small, the prospect 
of NWA 6704 (and NWA 10132) becoming an excellent benchmark meteorite for 
early Solar System chronology remains positive.  
5.5 Conclusion 
NWA 6704 and NWA 10132 are two well-preserved ungrouped achondrites 
which are thought to originate from the same planetary body. Here we conducted 
U-Pb analysis on both these two meteorites in order to; firstly, determine their 
formation ages, and secondly, to help understand the formation and evolution of the 
NWA 6704 and NWA 10132 parent body.  
A Pb-Pb isochron using the NWA 6704 pyroxene residues from both this study 
and the study by Iizuka et al. (2013a) with 206Pb/204Pb >700 (total of eight points) 
yielded an age of 4562.38 ± 0.49 Ma. Although the NWA 6704 U-Pb system is 
complex, this isochron is considered accurate as all included fractions appear to 
contain identical non-radiogenic Pb components. As only two fractions were 
analysed for NWA 10132, producing an accurate and precise Pb-Pb age for this 
meteorite proved difficult. Nevertheless, a three point isochron using one pyroxene 
and one whole rock residue combined with one pyroxene 3rd wash yielded an age of 
4562.12 ± 0.67 Ma. While this age should only be considered a current best estimate, 
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it is likely to be fairly robust as the isochron is anchored by the highly radiogenic 
pyroxene residue. The Pb-Pb ages of both NWA 6704 and NWA 10132 suggest the 
two meteorites crystalized near simultaneously. 
While the U-Pb systematics of NWA 6704 and NWA 10132 display many 
similarities, the composition of their non-radiogenic Pb has significant differences. 
NWA 10132 shows single stage Pb growth with two non-radiogenic Pb components 
made up of modern terrestrial Pb and primordial Pb. In contrast, NWA 6704 
displays multi-stage Pb growth with non-radiogenic Pb components consisting of 
modern terrestrial Pb and a source of aborted high-µ Pb. As the µ value of the NWA 
6704 parent material is not known, the source of the aborted high-µ Pb is not 
completely clear. Nevertheless, the U-Pb data suggest two possible scenarios 
deepening on true NWA 6704 parent material µ. If the NWA 6704 parent material µ 
was approximately >400 it is likely the aborted high-µ Pb formed over the ~5 Ma in 
between CAI and NWA 6704 formation and was then incorporated as initial Pb into 
NWA 6704. However If the NWA 6704 parent material µ was <400 it is likely the 
aborted high-µ Pb formed over ~20-100 Ma after CAI formation and was 
incorporated into NWA 6704 as a result of a later disturbance. 
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6 Discussion 
6.1 Introduction 
Understanding how our Solar System evolved from a cloud of interstellar gas 
into the planets and bodies we see today is fundamental to our knowledge of our 
place in the Universe. Essential to this question is the development of an accurate, 
precise and complete early Solar System timescale, which without, the Solar System 
formation processes cannot ever be properly understood. Developing a unified Solar 
System formation timescale however is not a straight forward process. Nevertheless, 
advancements in our knowledge, techniques and access to more samples are helping 
to make continued progress towards this goal. Furthermore, by combining the 
findings from this study with previous work in the field, we are able to continually 
refine our understanding of early Solar System chronology.      
6.2 Constraining an early Solar System timescale 
Establishing a well-defined sequence of events for the formation of our Solar 
System is a challenging task. It requires multiple chronological studies, of multiple 
meteorites and their components, using multiple chronometer systems. 
Additionally, in order to establish correct ages, details about the formation and 
evolution of each meteorite and its planetary body need to be investigated. 
Nevertheless, establishing an early Solar System timescale is fundamental to our 
understanding of how our Solar System formed and evolved into what exists today. 
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While a number of extinct chronometers, such as 26Al–26Mg, 53Mn–53Cr and 
182Hf–182W, have proven capable of producing relative age differences with ~1 Ma or 
better precision (e.g. Glavin et al., 2004; Moynier et al., 2007; Wimpenny et al., 
2013; Yin et al., 2007; Yin et al., 2013), the U-Pb system is still the only isotopic 
chronometer able to provide precise and accurate absolute ages for dating the early 
Solar System. This has significant implications for the early Solar System timescale. 
Because although extinct chronometers can be calibrated against each other 
producing accurate and precise ages for the early Solar System timescale, the U-Pb 
system provides the only method of anchoring these ages to the absolute time scale. 
As a consequence the overall precision of the early Solar System absolute timescale 
is constrained by the precision of the U-Pb ages. Furthermore, as there are 
additional considerations when comparing age data from different chronometers 
(discussed in section 6.2.1 below), establishing as many precises and accurate U-Pb 
ages as possible (from early Solar System materials) is crucial to developing the early 
Solar System timescale. In the scope of this study there are two ways to improve our 
early Solar System timescale using the U-Pb system: Firstly, we can date more 
meteorites, which will improve our knowledge for both new systems (e.g. new 
planetesimals), and systems we already have data for (e.g. angrites, chondrules etc.). 
While secondly, we can improve our knowledge and ability to conduct U-Pb 
analysis, which will result in more robust ages with improved precision. In many 
cases these two approaches should be used in combination, resulting in studies such 
as this one which aim to both improve our ability to conduct early Solar System U-
Pb dating, while also adding to our overall knowledge base of the early Solar System 
timescale.   
6.2.1 Building and improving the database 
The traditional goal of U-Pb meteorite dating is to provide precise and reliable 
ages which can be used to sequence the events of the early Solar System. However in 
addition to this, U-Pb dating has become central to providing absolute age 
benchmarks for the short-lived isotopic chronometers. Furthermore, as the extinct 
chronometer systems are becoming ever better at refining small age differences 
within the first ~10 Myr of Solar System formation, providing more precise and 
reliable U-Pb age benchmarks is crucial. However, as each isotopic system has 
different chemical properties, direct comparison of the age data is not always 
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straightforward. Firstly, the isotopic chronometers may be dating different events, in 
which case different ages might be expected. Additionally, the chronometers may be 
dating the same event, but due to slow cooling, they produce ages that are in close, 
but not exact agreement (due to a number of factors including different closure 
temperatures). Secondly, in the case of relative dating, the initial isotopic 
composition within the anchor and unknown meteorites may not be identical (e.g. 
heterogeneous distribution of isotopes within the proto-planetary disk), in which 
case any calculated relative ages would be inaccurate. While thirdly, one or more 
isotopic system and/or date may have been incorrectly measured and/or interpreted. 
In cases where the different chronometers record ages that are in close (~1 Myr of 
each other), but not complete agreement (e.g. what is seen in chapters 4 and 5), 
determining the cause of the discrepancy can be challenging.  
One way in which the U-Pb system can be used to reduce the issues 
surrounding discrepancies between the chronometers, is to provide more age 
benchmarks in which to anchor the extinct nuclide systems. This would not only 
allow for multiple absolute age reference points for each extinct chronometer 
system, but would also help to continually assess the isotopic systematics of each 
meteorite involved. Evidence for why this is important can be seen by the 1-2 Myr 
discrepancy between the U-Pb age and the Al-Mg ages of CAIs when anchored to 
the D’Orbigny angrite (Amelin et al., 2009; Brennecka and Wadhwa, 2012; Davis 
and McKeegan, 2014; Jacobsen et al., 2008). This age discrepancy suggests that there 
is an inconsistency between the U-Pb and Al-Mg systematics of angrites and CAIs. 
While there is still debate over the exact cause of this, it appears likely that the 
26Al/27Al ratio in much of the protosolar disk (e.g. where angrites and other 
achondrites formed) was lower than the 26Al/27Al ratio within the CAI forming 
region (close to the protosun) (Larsen et al., 2016; Larsen et al., 2011; Schiller et al., 
2015a; Schiller et al., 2015b; Van Kooten et al., 2016). As a consequence, the initial 
26Al/27Al within angrites and many other early Solar System materials is significantly 
lower than the initial 26Al/27Al within CAIs (Larsen et al., 2016; Larsen et al., 2011; 
Schiller et al., 2015a). Hence, the Al-Mg isotopic system cannot be used to calculate 
relative ages between angrites and CAIs. This shows that using universal anchor 
meteorites may not always be possible, further supporting the need for more high 
quality reference meteorites for early Solar System dating. 
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The requirements for any meteorite to serve as an anchor point are high. To 
even be considered, there needs to be no evidence of any later disturbances, the 
isotopic clocks must have closed simultaneously (meaning the meteorite must have 
cooled fast) and in the case of U-Pb being the anchor age, they must contain highly 
radiogenic Pb with preferably only single-stage radiogenic Pb growth. So far, only 
one truly suitable anchor meteorite has been adopted: the quenched angrite 
D’Orbigny. While none of the meteorites analysed in this study yet qualify to be 
used as an age benchmark, they all show some potential. NWA 7325 is probably the 
least likely to be useful as a U-Pb age benchmark, as the U-Pb systematics do not 
allow for the determination of a precise Pb-Pb age. Yet, as the Al-Mg systematics 
appear very well defined; NWA 7325 may become a future reference sample with a 
very precise and accurate Al-Mg age. Asuka 881934 is currently difficult to advocate 
as an age benchmark as the different chronometer systems are in disagreement. 
However with additional analysis, these discrepancies may end up resolved. 
Additionally, as Asuka 881394 is currently the oldest achondrite known, its place in 
the early Solar System timescale cannot be ignored. NWA 6704 and NWA 10132 are 
an interesting pair and probably the most promising meteorites from this study in 
terms of their use as age benchmarks. If inconsistences between the NWA 6704 
chronometer systems can be resolved, the large size of NWA 6704 (NWA 6704 and 
NWA 6693 have a combined mass over 13 kg) and the small extent of desert 
weathering would make it ideal for this purpose. NWA 10132 may also become a 
very robust anchor meteorite as its U-Pb system appears single-stage, undisturbed 
and highly radiogenic. Additionally, as both NWA 10132 and NWA 6704 have a 
near chondritic composition, they may serve as useful age anchor meteorites for the 
more primitive achondrites. In the case of NWA 10132 however, no extinct 
chronometer studies have yet been conducted (as it is a very recent find). As a result, 
a significant body of work will need to be conducted on NWA 10132 before any 
further discussions about its suitability as a reference meteorite can be conducted. 
Although none of the meteorites analysed in this study are immediately 
appropriate as age anchors, the addition of their age data to the database is essential. 
With the growing list of meteorites and planetary bodies with reliable and precise 
age data, the early Solar System timescale becomes continually clearer. Furthermore, 
it is only with continued analyses that the full picture of our Solar Systems 
formation will become completely understood.   
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6.2.2 Advancing U-Pb chronology of meteorites 
Improving our ability to conduct U-Pb analysis is fundamental to advancing 
our knowledge of early Solar System chronology. This involves not only refining 
and improving techniques, but also enhancing our understanding of the procedures 
and the data which is produced. One aim of this study was investigate and improve 
acid leaching techniques by developing more effective ways of removing non-
radiogenic Pb from our samples. However in addition to this, our column chemistry 
procedure was updated and information regarding isotopic instrument/detector bias 
was investigated.  
6.2.2.1 Acid leaching   
The presence of non-radiogenic Pb within meteorite samples is one of, if not 
the most significant problem encountered when conducting U-Pb dating of 
meteorites (Amelin, 2006; Amelin et al., 2009; Connelly and Bizzarro, 2009). For a 
detailed discussion on non-radiogenic Pb, see section 1.2.1 of the Introduction 
chapter. Currently, the most effective way of removing non-radiogenic Pb is by acid 
leaching. However, in most cases our current way of acid leaching still cannot 
remove all non-radiogenic Pb from the samples. Additionally, in cases where 
multiple sources of non-radiogenic Pb are present, it is not always possible to 
remove all of either non-radiogenic Pb component. As a result, while acid leaching 
is already vital to early Solar System U-Pb dating, improvements can still be made.  
In this study an established standard leaching procedure based on the 
procedure used by Amelin (2008a) was employed as a starting point for each analysis 
batch. For a complete description of the leaching steps, see section 2.3.  This 
procedure involved first leaching in cold dilute HNO3 followed by leaching in hot 
HNO3 and hot HCl. The reason this procedure was selected was due to its success in 
producing highly radiogenic residues, thus very precise Pb-Pb ages in a number of 
meteorite studies (Amelin, 2008a; Amelin, 2008b; Amelin et al., 2010; Iizuka et al., 
2013a; Iizuka et al., 2013b). However even so, many of the residues from these 
studies still contained significant quantities of non-radiogenic Pb. As a result, one of 
the main aims of the leaching procedure modifications made in this study was to 
further improve our ability to remove non-radiogenic Pb without impacting the 
radiogenic Pb component. An additional reason for the leaching procedure 
modifications was to improve isochron spread by obtaining multiple radiogenic 
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analyses from each sample fraction. For meteorites high in U, such as angrites, this is 
often not required as the residue analyses are sufficiently radiogenic. However, for 
meteorites which are low in U, such as the ones analysed in this study, a reasonable 
isochron spread is often required in order to achieve the desired precision.  
The modified leaching procedures involved the use of two additional acids: 
dilute HBr and dilute HF. Dilute HBr was only used in one analysis batch (A81) 
conducted on Asuka 881394. Additionally, it was included as the first washing step 
(wash 1a) in an attempt to isolate any possible U bearing phosphates that may have 
been present within the plagioclase or trydimite Asuka 881394 fractions (with 
minimum concurrent dissolution of the silicate minerals). As no phosphates were 
present, the resulting w1a fractions only served to remove non-radiogenic Pb from 
the analysed fractions. Nevertheless, the wash 1a leachate contained significantly 
more Pb compared to the preceding W1b leachate (which comprised the standard 
Wash 1 procedure). This suggests that dilute HBr may be able to act as a substitute to 
dilute HNO3 in the 1st wash step. However, as the use of concentrated HBr in acid 
leaching has been shown to fractionate Pb isotopes (Amelin et al., 2010), caution 
must be exercised when using any HBr leaching step.  
The leaching procedure modifications most commonly made during this study 
involved the addition of one or more dilute HF leachates prior to complete 
dissolution. These additional HF leachates were included as an attempt to 1) further 
remove non-radiogenic Pb from the fractions and 2) improve the isochron spread. 
The decision to use HF as the leaching acid was due to its ability to penetrate and 
break down more robust regions of the crystal lattice which may contain non-
radiogenic Pb.  Analysis batch A93, which contained samples from NWA 7325 and 
NWA 10132, consisted of one hot 0.5 M HF leachate prior to complete dissolution.  
Analysis batch A81 (Asuka 881394) consisted of two HF leachates, with one cold 0.2 
M HF and one hot 1 M HF. While these HF leachates did appear to help remove 
non-radiogenic Pb and improve isochron spread for A93, the hot A81 HF leachate 
showed clear signs of Pb isotopic fractionation. This can be seen in Fig. 4.1 within 
section 4.2 (additional examples of this can also be seen in Amelin et al. (2016)). As a 
result, all hot HF leachates and their respective residues were considered to be 
potentially isotopically fractionated. For each respective analysis, this effect was 
removed by numerically recombining the hot HF leachates and the residues. 
Nevertheless, what this demonstrated is that acid leaching using even dilute HF can 
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produce Pb isotopic fractionation. While the cause is not yet clear, it may be caused 
by the difference in decay track sizes between the 235U and 238U chains (Amelin et 
al., 2009). However either way, acid leaching with either concentrated HBr or any 
concentration of HF should be avoided until this process is better understood and 
can be circumvented. Until then, we will need to explore other methods of acid 
leaching in order to improve our ability to conduct U-Pb analysis on meteorites.   
6.2.2.2 Column chemistry  
While many technique improvements occur as a result of planned tests and 
modifications, some can occur more unpredictably. In the case of updating the 
column chemistry procedure, this was undertaken following an unexpected failure 
of the previous protocol. Initially, all column chemistry separation procedures 
within this study were undertaken following standardised protocols which had been 
tested and carried out multiple times before. However, when Pb loss began to occur 
when conducting Pb separation chemistry, modifications to the chemistry procedure 
were required. A detailed discussion on the tests undertaken and the changes made 
to the chemistry protocol can be seen in section 2.6 of the Methods chapter. 
Nevertheless, the final conclusion was that the Eichrom AG1x8 200-400 mesh anion 
exchange resin was failing to release the Pb when the specified volume of elution 
fluid was run through it. The cause of this Pb loss was due to three combined 
factors: the amount of acid prescribed to elute the Pb, the volume of resin placed in 
the columns, and changes in the strength of Pb retention during resin storage. If 
either slightly too much resin was placed in each column, or slightly under the 
specified volume of acid was used during Pb elution, Pb loss occurred. As small 
amounts of Pb loss from column chemistry would likely go unnoticed, this issue 
only became apparent once complete, or near complete, Pb loss occurred. The result 
of this however, was to update our chemistry protocol so that it was less sensitive to 
minor changes. The final updates involved stricter controls on the resin volumes 
placed in each column combined with~30% more acid (HNO3) used for Pb elution.   
As exact chemistry protocols are often not shared between labs, the 
modifications made to our Pb separation procedure are unlikely to impact a large 
number of institutes. Nevertheless, this should serve as a reminder that even 
standardised procedures require constant monitoring and updating. Additionally, 
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diagnosing and solving this chemistry issue demonstrates the importance of 
planning and organisation when conducting testing procedures. 
6.2.2.3 Mass spectrometry 
Calculating U-Pb ages for meteorites which are consistent across all labs 
requires not only precise, but accurate isotopic measurements of U and Pb. While 
discrepancies can occur as a result of sample treatments and data reduction, 
inconsistencies in mass spectrometer measurements across different techniques (e.g. 
TIMS and ICP-MS), instruments (e.g. different TIMS instruments) and detectors 
(e.g. Faraday and SEM) is also a possibility. In this study, Pb analyses were 
conducted using two TIMS instruments: either the Thermo Fisher Triton Plus or the 
modified Finnigan MAT 261 at the ANU. To monitor analysis reproducibility, at 
least one standard (the NIST SRM-981 standard and/or the EARLYTIME standard) 
was run during each analytical session. However in addition to reproducibility, these 
standard measurements were also used to monitor for any discrepancies between the 
different instruments and detectors and their possible changes through time. As 
discussed in section 2.8, the SEM detector of the MAT 261 shows a significant offset 
in both 207Pb/206Pb and 208Pb/206Pb relative to the Faraday and SEM measurements of 
the Triton Plus. Furthermore, these same MAT 261 SEM Pb isotopic values are also 
offset from the standard (SRM-981) measurements made by other studies (which 
agree with the Triton Plus measurements made in this study) (Amelin, 2008a; 
Amelin and Davis, 2006).  
The total average difference in SRM-981 207Pb/206Pb ratios between the Triton 
Plus Faraday measurements and the MAT 261 SEM measurements from this study is 
0.00075 (0.082%) (Fig. 2.2 in section 2.8). When applied to early Solar System Pb-Pb 
age calculations, this translates into an age difference of ~1 Myr. This means that the 
same material measured on the ANU MAT 261 SEM may result in a Pb-Pb age ~1 
Myr older than if it was measured on the ANU Triton Plus Faraday detectors. As 
instrument measurement discrepancies likely extend further than the two TIMS 
instruments at ANU, this may have a significant impact on the early Solar System 
timescale. Subsequently, this highlights the importance of rigorous standardisation 
of both intra-laboratory and inter-laboratory early Solar System U-Pb studies. 
Furthermore, fundamental to standardisation is the implementation of reference 
standards and spikes which are accessible to all labs conducting early Solar System 
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U-Pb chronology. Currently, this is underway with the development of the 
EARLYTIME standard solutions, some of which were analysed in this study. 
Nevertheless, as earlier studies used a variety of standards (such as SRM-981 in this 
study), when combining new datasets with data from previous studies (such as with 
Asuka 881394 from this study), care should be taken to also measure standards 
which were run during the acquisition of the previous data.  
6.3 Chronology of early Solar System formation 
Understanding the chronology of early Solar System formation requires the 
accumulation of multiple ages representing a variety of early Solar System formation 
processes. As a number of these processes can be either dated directly, or 
constrained by isotopic dating, a combination of all early Solar System isotopic age 
data can be used to provide significant insight into the chronology of the early Solar 
System. 
6.3.1 Onset of planetary body formation 
One of the most significant processes which occurred during the early Solar 
System was the formation of the planetesimals. Primarily, this is because many of 
these planetesimals went on to form, or become the planets and moons that exist 
today. However, in terms of early Solar System evolution, the formation of 
planetesimals signifies the onset of crustal formation and planetary differentiation. 
While the precise dating of angrites and a few other achondrites have provided 
initial constraints on early planetesimal formation, it is not completely known if 
these planetesimals are the norm or outliers. In order to gain a full understanding of 
planetary growth within our Solar System, a database categorising the precise age 
and formation history of multiple planetary bodies must be formed.  
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Figure 6.1. Plot showing the bulk oxygen isotopic composition of selected achondrite groups. Figure 
from Krot et al. (2014). For a detailed description of figure legend and data sources see Krot et al. 
(2014). 
 
Before achondrite age data is able to be interpreted in the broader context of 
Solar System planetary formation, petrogenetic relationships between all the 
meteorites must be understood. As a consequence, all achondrites are classified into 
groups with similar formation histories based on petrography, minerology and 
chemistry. Critical to this classification are a number of stable isotopes, which have 
not only provided a means to classify the achondrites, but also to reveal information 
regarding their formation history. The most commonly used of these stable isotopic 
systems is oxygen (16O, 17O and 18O), in which variations in Δ17O are used to 
distinguish meteorite groups (Krot et al., 2014). While the origin of the Δ17O 
variation remains contentious (Warren, 2011), a consequence of this is that 
differentiated planetary bodies form their own planetary fractionation lines which 
are often different from each other (see Fig. 6.1. from Krot et al. (2014)). 
Nevertheless, as Δ17O is not always able to distinguish separate planetary bodies, 
variations in ε54Cr and ε50Ti (thought to be a result of incomplete mixing of stellar-
nucleosynthetic ejecta (Leya et al., 2008; Qin et al., 2011)) have also become 
essential in understanding genetic relationships between achondrites (e.g. Hibiya et 
al., 2016; Sanborn et al., 2014b; Williams et al., 2016). Furthermore, ε54Cr and ε50Ti 
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(in combination with Δ17O) have provided additional means to connect achondrite 
groups with their precursor material (e.g. the strong link between NWA 6704 and 
carbonaceous chondrites (Hibiya et al., 2016; Sanborn et al., 2013)). A figure 
showing ε54Cr vs ε50Ti and ε54Cr vs Δ17O (from Warren et al. (2011)) can be seen in 
Fig 6.2, in which different meteorite groups can be separated in isotopic space. 
Additionally, Fig. 5.1 in section 5.1 shows ε54Cr vs Δ17O for a number of meteorite 
samples. These anomalies in Δ17O, ε54Cr and ε50Ti (in combination with petrographic 
and mineralogical differences) show that ingenious meteorites come from an array 
of planetary bodies which all experienced different formation histories. 
Additionally, they show that many achondrites can be grouped by shared formation 
conditions suggesting they likely originate from a shared parent body (e.g. Angrites 
and the howardite-eucrite-diogenite group). 
 
 
Figure 6.2. Plots showing ε54Cr vs ε54Ti and ε54Cr vs Δ17O for selected meteorites. Figure from Warren 
et al. (2011). For a detailed description of figure legend and data sources refer to Warren et al. (2011). 
 
6.3.1.1 Angrites 
Currently, much of what we know about the timing of early Solar System 
planetary formation comes from the study of a small group of basaltic achondrites 
called angrites. Primarily this is due to angrites suitability for dating, as they are well 
preserved, unaltered and contain many of the geochemical requirements for 
accurate and precise dating. Furthermore, the U-Pb, Al-Mg and Mn-Cr systematics 
of many angrites have allowed for multiple ages with precision of <1 Myr to be 
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obtained (e.g. Amelin, 2008a; Amelin, 2008b; Amelin and Irving, 2007; Amelin et 
al., 2011; Bouvier et al., 2011a; Connelly et al., 2008b; Glavin et al., 2004; Schiller et 
al., 2010a; Schiller et al., 2015a; Spivak-Birndorf et al., 2009; Yamashita et al., 2016). 
The resulting ages have shown that quenched angrites (D’Orbigny and Sahara 
99555) are some of the oldest achondrites known, with ages ~4 Myr (~4563 Ma) 
younger than the formation of the Solar System (Amelin, 2008a; Amelin, 2008b; 
Brennecka and Wadhwa, 2012; Connelly et al., 2008b). In comparison the plutonic 
angrites (ADOR, LEW 86010, NWA 4590, NWA 2999) show younger and varying 
ages, spanning ~7 to ~11 Myr (~4560 to ~4556 Ma) younger than Solar System 
formation (Amelin, 2008a; Amelin and Irving, 2007; Bouvier et al., 2011a; 
Brennecka and Wadhwa, 2012). These resulting ages show that the angrite parent 
body underwent crustal formation and basaltic activity beginning ~4 Myr after the 
formation of the Solar System and continuing over a period of at least 7 Myr. This 
not only provides the best evidence for early planetesimal formation within our 
Solar System, but also suggests that at least some of these bodies remained active 
over a significant period of time.  
6.3.1.2 Ungrouped achondrites  
While Angrites have proved instrumental to our understanding of early Solar 
System planetary formation, they are likely to represent just one parent asteroid. As 
a result, a number of well-preserved ungrouped achondrites which represent an 
array of planetary embryos (and possibly planets) are also becoming fundamental to 
our knowledge of early Solar System planetary formation. In relation to early Solar 
System chronology, the most prominent of these ungrouped achondrites include: 
NWA 2976 (Bouvier et al., 2011b), Asuka 881394 (Nyquist et al., 2003; Wadhwa et 
al., 2009; Wimpenny et al., 2013; this study), NWA 7325 (this study), NWA 
6704/6693 (Iizuka et al., 2013a; Sanborn et al., 2014a; Yin et al., 2013; this study) and 
very recently NWA 10132 (this study). As NWA 7325, Asuka 881394, NWA 6704 
and NWA 10132 were subjects of this study, detailed discussions on the chronology 
of them can be seen in chapters 3 (NWA 7325), 4 (Asuka 881394) and 5 (NWA 6704 
and NWA 10132). In contrast, NWA 2976 was not analysed in this study, so in order 
to assess and compare the current age data for the meteorite, it is briefly discussed 
here.  
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NWA 2976 is a well preserved basaltic achondrite that is currently paired with 
NWA 2400 and NWA 011 (Connolly et al., 2007). Dating of NWA 2976 has been 
conducted using both the U-Pb (4562.89 ± 0.59 Ma) and Al-Mg (4563.10 ± 0.38 Ma) 
chronometer systems, with the resulting ages being in complete agreement (Bouvier 
et al., 2011b). As the U-Pb age is an absolute age and was calculated using the 
measured 238U/235U ratio of 137.751 (Bouvier et al., 2011b), this age requires no 
adjustments. The Al-Mg age however was calculated relative to the D’Orbigny 
angrite using a D’Orbigny Pb-Pb age of 4563.36 ± 0.34 Ma and a D’Orbigny 26Al/27Al 
ratio of (5.06 ± 0.92) × 10-7 (Bouvier et al., 2011b). When the NWA 2976 26Al/27Al 
ratio of (3.94 ± 0.16) × 10-7 (Bouvier et al., 2011b) is anchored using the updated 
D’Orbigny 26Al/27Al ratio of (3.98 ± 0.21) × 10-7 (Schiller et al., 2010a; Schiller et al., 
2015a; Spivak-Birndorf et al., 2009) and D’Orbigny Pb-Pb age of 4563.37 ± 0.25 Ma 
(Brennecka and Wadhwa, 2012), this calculates to an absolute age for NWA 2976 of 
4563.36 ± 0.26 Ma. With this updated Al-Mg age, the difference between the Pb-Pb 
age and the Al-Mg age of NWA 2976 has almost doubled from 0.21 Myr to 0.47 Myr. 
Nevertheless, the errors from the ages do still overlap resulting in the two ages 
remaining in agreement (albeit not as close agreement). In addition to updating the 
NWA 2976 Al-Mg age, the comparison between the updated D’Orbigny Al-Mg 
systematics and the NWA 2976 Al-Mg systematics suggest that the two meteorites 
formed within 0.01 Myr of each other. However as the U-Pb NWA 2976 - 
D’Orbigny age difference 0.48 Myr, a simultaneous formation of NWA 2976 and 
D’Orbigny is not completely confirmed. Nevertheless, the U-Pb ages of the two 
meteorites are within error, suggesting a near simultaneous formation time for both 
NWA 2976 and D’Orbigny is very likely.   
In comparison to the ungrouped achondrites analysed in this study, NWA 
2976 shares a very similar age to NWA 7325 (Pb-Pb = 4563.4 ± 2.6 Ma, Al-Mg = 
4563.09 ± 0.26 Ma), NWA 6704 (Pb-Pb = 4562.38 ± 0.49 Ma) and NWA 10132 (Pb-
Pb = 4562.12 ± 0.67 Ma). In fact, the ages of these meteorites suggest that that all 
four crystalized within ~1 Myr of each other at 4562 Ma to 4563 Ma. Additionally, 
this overall formation age is constant with the crystallisation age of quenched 
angrites. While this does not mean that all these meteorites crystallised 
simultaneously, it suggests that all their formations occurred over a time span of ~1-
2 Myr. Furthermore, it shows that with a growing database of achondrite ages from 
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multiple different planetary bodies, there appears to be a <2 Myr period of intense 
crustal formation and planetary differentiation.  
The one achondrite which lies outside this general period of intense early 
achondrite growth is Asuka 881934.  As seen in chapter 4, Asuka 881394 shows a 
Pb-Pb age of 4564.95 ± 0.35 Ma, which is 2 Myr older than the general period of 
early achondrite formation of ~4563 Ma. However, as there are some discrepancies 
between the chronometers with Asuka 881934, further investigations are required 
before its crystallisation age can be known with complete certainty. Nevertheless, as 
even the youngest age produced for Asuka 881934 (Mn-Cr age = 4564.29 ± 0.41) is 
significantly older than the other early Solar System achondrites, it appears likely 
that Asuka 881394 represents an older, if not the oldest, period of achondrite crustal 
formation.   
6.3.1.3 Howardite-eucrite-diogenite group 
An important achondrite group which has yet to be discussed are the 
howardite-eucrite-diogenite (HED) clan. The reason HEDs are significant for early 
planetary formation is that they represent the largest group of differentiated 
achondrites currently available (Mittlefehldt, 2014). Additionally, it is currently 
thought they originate from the asteroid 4 Vesta, making them one of the few 
achondrite groups where the parent body is known with reasonable confidence 
(McCord et al., 1970; McSween et al., 2012; Mittlefehldt, 2014; Thomas et al., 1997). 
Nevertheless, in contrast to the previously discussed angrites and ungrouped 
achondrites, most eucrites (which represent the oldest crustal component of the 
HED clan) experienced subsequent thermal processing after their initial formation 
making high precision dating difficult (Wadhwa, 2014). As a consequence, excluding 
a few noncumulate eucrites which show distinct oxygen isotopic compositions 
suggesting possible non 4 Vesta origins (e.g. Ibitira), precise crystallisation ages of 
(<10 Ma) of these meteorites are not available. The U-Pb system is especially 
affected by this post-crystallisation processing, resulting in anomalously young ages 
(Galer and Lugmair, 1996; Tera et al., 1997). Incidentally, this is one of the key 
reasons no eucrites were analysed within this study. Nevertheless, there is numerous 
eucrite age data available which can be assessed and compared to the well preserved 
angrites and ungrouped achondrites of this study.  
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Textually, eucrites can be split into cumulate and noncumulate eucrites, with 
each group showing distinct age data. Numerous noncumulate eucrite age data from 
multiple chronometers, including Rb-Sr, Sm-Nd, Mn-Cr and Al-Mg suggests these 
meteorites formed around 4560 Ma (Bizzarro et al., 2005; Kumar et al., 1999; 
Lugmair and Shukolyukov, 1998; Nyquist et al., 1997; Schiller et al., 2010; Smoliar, 
1993; Wadhwa and Lugmair, 1995). Nevertheless, this age data suffers from either 
large age errors (precision ~25 Ma or more for Rb-Sr, Sm-Nd,Mn-Cr) or assumptions 
associated with the calculated model ages (Al-Mg). In contrast to noncumulate 
eucrites, cumulate eucrites generally show younger ages of around 4400 to 4500 Ma 
(Tera et al., 1997). While the cause of the younger ages in cumulate eucrites is still 
contentious (later formation period or post-crystallisation metamorphism), the 
discovery of older ages (~4550 Ma) within several cumulate eucrites have indicated 
that the younger ages may be a result of later disturbance rather than younger 
crystallisation ages (Boyet et al., 2010; Lugmair et al., 1991; Nyquist et al., 2008). 
In comparison to angrites and the ungrouped achondrites discussed in this 
study, the noncumulate eucrites show somewhat similar ages, while the cumulate 
eucrites show ages up to ~150 Ma younger. However due to the low precision of the 
eucrite ages, they cannot be assessed in as much detail as the well preserved 
achondrites. Nevertheless, the ages of these eucrites do indicate that the HED parent 
body likely formed at a similar time to the other achondrite parent bodies. 
Furthermore, the younger ages within the cumulate eucrites suggest the HED parent 
body experienced subsequent thermal events after its initial crustal forming event, 
which is in complete contrast to the ungrouped achondrites discussed in this study.    
6.3.2 CAI and chondrule formation 
In addition to early planetary formation, the crystallisation of calcium 
aluminium inclusions (CAIs) and chondrules also represent significant events within 
early Solar System formation. CAIs formed over and short span of time and 
represent the first solids within the Solar System, making their formation an 
important milestone. Chondrules, in contrast, formed over a longer period of time 
and in large number and are thought to best represent the solar composition. 
Additionally, chondrules are thought to represent the building blocks of planet 
formation.  
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 While both CAIs and chondrules are found within chondrites, CAIs are only 
found as small refractory objects within the primitive chondrite groups. Because of 
the diversity of CAIs, their formation process remains somewhat contentious (Scott 
and Krot, 2014). Nevertheless, they likely formed over a brief period as either 
condensates, or by evaporation, during the most energetic phase of the protosolar 
disk evolution (Ireland and Fegley, 2000; Krot et al., 2007; Scott and Krot, 2014). As 
CAIs are the first solids that formed within the Solar System, the formation of CAIs 
represent the first event within our Solar System dateable by radioactive decay. As a 
result, time zero (T = 0) in cosmochronology is represented by the age of CAIs. The 
formation age of CAIs has been the subject of many studies, however currently, the 
most precise and accurate CAI ages have been determined using the U-Pb 
chronometer (Amelin et al., 2010; Amelin et al., 2002; Bouvier and Wadhwa, 2010; 
Connelly et al., 2012). Based on these studies, the overall U-Pb age of CAIs is ~4567 
Ma, with the currently most accepted age being 4567.30 ± 0.16 Ma (Connelly et al., 
2012).  
Chondrules are the igneous spherical objects which make up the bulk of most 
chondrites. While multiple mechanisms of chondrule formation for different 
chondrule groups have been proposed, all chondrules are thought to have formed by 
rapid cooling and crystallisation (Ciesla, 2005; Scott and Krot, 2014).  Most 
chondrules are generally thought to have formed by rapid heating and cooling of 
dust particles during multiple temporary heating events (Ciesla, 2005; Scott and 
Krot, 2014). The time period in which chondrule formation occurred has been 
determined most successfully using the U-Pb method. The resulting ages suggest 
that chondrule formation begun effectively at the same time as CAI formation at 
~4567 Ma (Connelly et al., 2012). Additionally, the array of chondrule Pb-Pb ages 
suggest that chondrule formation continued to occur over a period of ~2.5 Myr 
(Connelly et al., 2012).    
While most chondrule ages conform to a period of between 0 to 2.5 Myr after 
CAI formation, a small group of CB chondrites show chondrule ages significantly 
younger (Bollard et al., 2015; Krot et al., 2005). The chondrule U-Pb ages calculated 
by Krot et al. (2005) from the Gujba and Hammadah al Hamra CB chondrites show 
ages of 4562.7 ± 0.5 Ma and 4562.8 ± 0.9 Ma respectively (assuming a 238U/235U ratio 
of 137.88). When these ages are updated using the bulk meteorite 238U/235U ratio of 
137.794 (Goldmann et al., 2015), this results in ages of 4561.8 ± 0.5 Ma and 4561.9 ± 
149 
 
0.9 Ma. In comparison to this , Bollard et al. (2015) calculated an age of 4562.49 ± 
0.21 Ma (238U/235U = 137.786) for the Gujba chondrules. While the Bollard et al. 
(2015) age is slightly older than the age measured by Krot et al. (2005), it is still 
significantly younger than the ages of other chondrite groups. As a consequence, 
these ages combined with textural and chemical evidence have been used to suggest 
that this group of chondrules were formed by an impact between two planetesimals 
2-3 Myr after the general period of chondrule formation ceased (Krot et al., 2005; 
Rubin et al., 2003).  
6.3.3 Early Solar System chronology  
One of the main goals of this study is to contribute to the chronology of early 
Solar System formation. With the addition of multiple new U-Pb ages and one Al-
Mg age, we can update an overall picture of early Solar System formation. The 
current early Solar System timescale as it currently stands can be seen in Fig. 6.3.  In 
addition to meteorite age data, Fig. 6.3 shows key events and process such as T = 0, 
the timing of earliest crustal formation, the period of most intense planetesimal 
formation, the timing of large planetesimal collisions and the period of activity on 
the angrite parent body. 
The overall early Solar System chronology begins at T= 0, with the 
crystallisation of CAIs at 4567.30 ± 0.16 Ma (Connelly et al., 2012). Near 
simultaneously at ~4567 Ma, the Solar System entered a phase of multiple periods of 
rapid heating and cooling which began the formation of chondrules. This period of 
chondrule formation continued for a few million years until around 4564.5 Ma. 
Simultaneous with chondrule formation, early planetesimals began accreting into 
large sized bodies and differentiating. Evidence for this can be seen by the high 
precision Mg isotopic analysis of NWA 7325 (section 3.4.4) which shows that the 
NWA 7325 parental magma source likely differentiated earlier than 1.80 Myr after 
the formation of CAIs. Furthermore, other parental magma sources also likely 
differentiated ~1-2 Myr after the formation of CAIs (Baker et al., 2012). Some 
planetesimals, such as Asuka 881394 (U-Pb crystallisation age of 4564.95 ± 0.35 Ma), 
became evolved enough crystallise basaltic rocks, prior to the end of chondrule 
formation. This shows that not only were km sized bodies accreting alongside the 
formation of cm to mm sized chondrules, but some planetary bodies had developed 
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enough to crystallise crustal material. This supports the possibility that early 
differentiated asteroids may be one of the sources of chondrule formation (Johnson 
et al., 2015). Within ~1 Myr of Asuka 881394 crystallising, multiple planetary bodies 
began crystallising crustal material. By 4562 Ma, both the angrite and ureilite parent 
bodies, along with parent bodies of NWA 2976, NWA 6704 + NWA 10132 and 
NWA 7325, had formed crustal material. This suggests that between 4564 Ma and 
4562 Ma numerous km sized planetary bodies had differentiated and were 
experiencing crustal formation. As such, much of the inner Solar System during this 
~2 Myr period was likely dominated by these early planetesimals.  
During and immediately following this planetesimal formation period (4564 
Ma to 4562 Ma), the Solar System likely experienced numerous planetesimal 
collisions. Although the process of planetesimal collision is not directly dateable, the 
chondrules within CB chondrites may provide time constraints on one or more 
planetary collisions. As previously stated in section 6.3.2 of the discussion chapter, 
the chondrules within the CB chondrites Gujba and Hammadah al Hamarah are 
thought to have formed by an impacts between two large planetesimals (roughly 
moon sized) (Bollard et al., 2015; Krot et al., 2005; Rubin et al., 2003). The U-Pb ages 
from these chondrules place their formation towards the end of the period of intense 
planetesimal formation. This indicates that some, if not most, of the early Solar 
System planetesimals experienced large collisions within a few million years of 
differentiation and crustal growth. Additionally, this suggests that some of the 
collisions were significant enough to induce chondrule production. However, as 
there is currently no chondrule ages younger than what is reported here (~4561.5 
Ma), this also indicates that these large chondrule generating planetesimal impacts 
may have virtually ceased within 5-6 Myr of CAI formation. However, later large 
planetesimal impacts did occur as evidenced by the moon forming impact on proto-
Earth ~60 Myr after CAI formation (Touboul et al., 2007). Nevertheless, if large 
planetesimal impacts had already drastically reduced within 6 Myr of CAI 
formation, it is likely the parent bodies of many early Solar System achondrites were 
destroyed or accreted into larger bodies during this period.  
The current age data from early Solar System achondrites suggests that many 
planetesimals show no evidence for significant further activity after their initial 
formation (e.g. NWA 2976, Asuka 881394, NWA 6704 and NWA 10132 and NWA 
7325). This indicates that either due to their small size, or as a result of their rapid 
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accretion into larger bodies (or both); many planetesimals only experienced a small 
period of activity during their initial formation. Nevertheless, two achondrite 
groups, angrites and HEDs, do show evidence for later activity. The angrite parent 
body shows period of activity spanning at least 7 Myr (~12 Myr after CAI 
formation), indicating that if many planetesimals did experience catastrophic 
collisions within 6 Myr of CAI formation, the angrite parent body was not one of 
them. However as the angrite parent body is not yet known, it may have eventually 
experienced a large planetesimal collision similar to the Thea and proto Earth 
collision.  The HED parent body, much like the angrites, also shows evidence for 
activity later than 7 Myr after CAI formation. However in contrast to angrites, 
eucrites show evidence of later thermal activity spanning over 150 Myr after CAI 
formation. This provides direct evidence that at least some planetesimals that 
formed within ~10 Myr of CAI formation survived being accreted into larger bodies 
within the first ~150 Myr of Solar System formation. Additionally, as 4 Vesta is 
thought to be the parent body of HEDs, it is likely the HED parent body has 
survived until today.   
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Figure 6.3. Comparison of crystallisation ages for selected early Solar System meteorites and 
their components. Squares or stars with error bars represent individual ages while rectangles 
represent multiple age data. For clarity, only U-Pb age data for angrites are shown. T = 0 
represents the formation of the first solids, CAIs. The earliest crustal formation represents 
the age of the oldest achondrite, Asuka 881394. The period of intense crustal formation 
represents the period encompassing the majority of earliest achondrite ages from the early 
planetary bodies. The age of the large planetesimal collisions is represented by the age of the 
chondrules within CB chondrites. The “?” at the end of the arrows coming of this period of 
large planetesimal collisions indicates that the extent of this period is not known due to the 
limited CB chondrite age data. The fading grey region within the angrite age data shows the 
extent of the known activity on the angrite parent body. Sources for age data not from this 
study: CAIs (Amelin et al., 2010; Connelly et al., 2012), Chondrules (Amelin and Krot, 2007; 
Connelly and Bizzarro, 2009; Connelly et al., 2012; Villeneuve et al., 2009), Chondrules 
from CB chondrites (Bollard et al., 2015; Krot et al., 2005), Angrites (Amelin, 2008a; 
Amelin, 2008b; Amelin and Irving, 2007; Amelin et al., 2011; Bouvier et al., 2011a; 
Brennecka and Wadhwa, 2012), NWA 2976 (Bouvier et al., 2011b), Asuka 881394 (Wadhwa 
et al., 2009; Wimpenny et al., 2013), NWA 6704 (Sanborn et al., 2014a; Yin et al., 2013). 
Extinct chronometer ages updated using most recent D’Orbigny U-Pb and Al-Mg data 
(Brennecka and Wadhwa, 2012; Schiller et al., 2010a; Schiller et al., 2015a; Spivak-Birndorf 
et al., 2009): DAG 165 - both Al-Mg and Mn-Cr ages, NWA 2976 – Al-Mg age, Asuka 
881394 - both Al-Mg and Mn-Cr ages. U-Pb ages updated using the bulk meteorite 238U/235U 
ratio of 137.794 (as opposed to the previously accepted 238U/235U ratio of 137.88) (Goldmann 
et al., 2015): Gujba chondrules, Hammadah al Hamra chondrules, Sahara 99555, LEW 86010 
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6.4 Future considerations 
Although the chronology of the early Solar System is becoming clearer with 
continued studies, many issues still remain. The process of improving the early Solar 
System timescale requires two things: 1) the analysis of many more meteorites with 
both varied and identical formation processes 2) the continued development of 
analytical and processing methods.   
6.4.1 More meteorites 
As far as meteorite types and numbers are concerned, we are restricted 
completely by what falls and what is found. However, with the continued 
development of meteorite tracking networks (e.g. the fireballs in the sky network 
based in Australia) and the continued efforts to find meteorites, the total number 
and variety of meteorites is continuing to improve. Furthermore, these ongoing 
initiatives are going to significantly improve our recovery rates for meteorites which 
are likely under represented due to their physical and visual characteristics 
matching closely with many rocks of earth (e.g. achondrites). Ideally for early Solar 
System chronology, and more specifically early planetary formation, the analysis of 
multiple new well preserved and unaltered achondrites, from multiple different 
planetary bodies (as well as multiple from the same body) is the ultimate goal. 
However in addition to this, chondrules from CB chondrites and any other 
chondrite groups which formed from planetesimal impact, will likely also play a 
significant role in understanding planetary formation within the early Solar System.   
6.4.2 Analysis consistency 
Achieving consistency between all chronometers which are dating the same 
events regardless of the lab, instrument and detector is one of the main priorities for 
cosmochronology of the early Solar System. Without consistency, comparison 
between the published ages lack absolute certainty. For the U-Pb system, one of the 
main barriers to consistency is the lack of universally available standards which 
match the isotopic systematics of early Solar System meteorites. As previously 
mentioned in section 6.2.2.3 of this chapter, the development of the EARLYTIME 
standards for early solar System U-Pb dating is currently underway. These 
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EARLYTIME standards are being designed to replicate the U-Pb isotopic systems 
within a variety of early Solar System meteorites. Once employed, these standards 
will significantly help improve the consistency of all early Solar System U-Pb dates 
analysed in conjunction with these standards. In order to improve consistency 
further, universal processing techniques (preferably for both sample processing and 
data processing) should also be developed and adopted for all early Solar System U-
Pb dating. Standardised processing techniques combined with identical standard 
analyses will likely not only resolve any inter-laboratory discrepancies, but also help 
to improve the overall precision of all U-Pb analysis.  
6.4.3 Efficient removal of non-radiogenic Pb 
Additionally crucial to improving early Solar System U-Pb chronology is the 
continued development of non-radiogenic Pb removal. Advancements made in our 
ability to remove non-radiogenic Pb, without impacting radiogenic Pb, will likely 
improve U-Pb chronology in early Solar System meteorites substantially. This would 
not only allow for better precision on meteorites well suited to U-Pb dating, but 
could also result in reasonable ages being produced from previously unsuitable 
meteorites. While many of the developments in non-radiogenic Pb removal will 
likely involve improvements in acid leaching techniques, the implementation of 
new methods may also prove vital. The introduction of crystal annealing prior to 
some U-Pb meteorite analysis may be one such method. Nevertheless, so far crystal 
annealing has only been trailed on a few Allende chondrule fractions with 
inconclusive results (Amelin and Iizuka, 2010). 
6.5 Conclusion 
Although the overall picture of early Solar System chronology has begun to 
form, continued progress is required in order to further resolve and understand early 
Solar System processes. Crucial to this, is establishing consistency between all 
isotopic chronometers, all meteorites and all processes being dated. However 
achieving such consistency is problematic, often requiring ideal conditions in order 
to be confidently established. Nevertheless, establishing multiple consistent, 
accurate and precise early Solar System age benchmarks is crucial for improving 
overall consistency. Of the meteorites analysed in this study (NWA 7325, Asuka 
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881394, NWA 6704 and NWA 10132), all show some promise towards being 
established as age benchmarks. Due to their precise ages, large mass, low weathering 
and chondritic like composition, NWA 6704 and NWA 10132 show the most 
promise. Yet, as NWA 6704 shows some inconsistencies between chronometers, 
while NWA 10132 currently has a lack of overall data (due to it being a recent find), 
neither of these meteorites can be confidently advocated as an age benchmark at the 
current time.  
In addition to providing more ages, improvements in age precision and 
accuracy are also crucial to improving consistency and understanding of early Solar 
System chronology. One way this can be achieved is to improve removal of non-
radiogenic Pb. Nevertheless, as evidenced by the HF induced Pb isotopic 
fractionation seen in this study, care must be taken when attempting to enhance 
non-radiogenic Pb removal by acid leaching. In addition, standard analysis should 
be rigorously monitored, with significant detector drift identified and corrected for 
(such as what occurred for the MAT 261 SEM detector during this study).   
By combining the previous work in the field and the findings from this study, 
an overall picture of early Solar System chronology is able to be formed. The ages of 
quenched angrites, ureilites, NWA 2976, NWA 7325, NWA 6704 and NWA 10132 
show that the formation of most early Solar System planetesimals occurred around 
4563 Ma (~4 Myr after the formation of CAIs). As shown by Asuka 881394 however, 
some planetesimals had crystallised crustal material by as early as 4565 Ma. This 
indicates that planetesimal formation was well underway while chondrule 
formation was still taking place. Additionally, this shows that some planetesimals 
had crystallised crustal material as early as 2 Myr after the formation of the first 
solids (CAIs). Based on the age of CB chondrules, large planetesimal impacts were 
occurring by 4562 Ma. While many early planetesimals were likely involved in 
these early catastrophic impacts (as they accreted into larger bodies), the longer 
periods of activity shown by angrites and HEDs indicate some early planetesimals 
avoided such collisions. Furthermore, as the HED parent body is thought to be the 
asteroid 4 Vesta, this suggests some early Solar System planetesimals may have 
survived until today.  
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7 Conclusion 
Understanding the timescales in which Solar System formation took place is an 
important aspect in determining how the Solar System and Earth came to exist. One 
process which was fundamental to the formation of our Solar System is planetary 
accretion. In order to help understand the timescales involved in planetary 
accretion, U-Pb chronology was undertaken on four different well preserved 
achondrites (NWA 7325, Asuka 881394, NWA 6704 and NWA 10132) from three 
different planetary bodies. In addition, the Al-Mg systematics of NWA 7325 was 
also analysed to better understand its formation history and to improve the precision 
of the crystallisation age of the meteorite.  
The U-Pb analysis of the four achondrites yielded ages of 4563.4 ± 2.6 Ma, 
4564.95 ± 0.35 Ma, 4562.38 ± 0.49 Ma and 4562.12 ± 0.67 Ma for NWA 7325, Asuka 
881394, NWA 6704 and NWA 10132 respectively. The additional Al-Mg analysis of 
NWA 7325 yielded an age of 4563.09 ± 0.26 Ma. When compared to other early 
Solar System achondrites, they all show crystallisation ages of 4563-4562 Ma 
(excluding Asuka 881394). This suggests that most early planetesimals began 
forming crustal material at ~4563 Ma, which is ~4 Myr after the formation of the 
first solids, CAIs. The exception to this is Asuka 881394, which based on its Pb-Pb 
age, crystallised ~2 Myr earlier than the other early Solar System achondrites. This 
provides evidence that while the most intense period of crustal growth was around 
4563 Ma, crustal growth may have occurred as early as 4565 Ma. Based on the age of 
chondrules from CB chondrites, large planetesimal impacts were occurring by at 
least 4562 Ma. This indicates that the planetary formation was well underway only 5 
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Myr after the formation of the first solids. Additionally, as most early Solar System 
planetesimals show limited activity after their initial formation, it is likely many 
were subsequently accreted into larger bodies not long after formation. 
Nevertheless, the array of ages from both angrites and HEDs show some early 
planetesimals survived this period of collisions.   
During the process of this analysis, additional efforts were made to advance 
acid leaching techniques and better understand data acquisition and processing. In 
an attempt to further improve the precision and accuracy of early Solar System Pb-
Pb dates, dilute HF was used as a leaching acid. While HF leachates succeeded in 
providing both increased spread in Pb-Pb space and producing highly radiogenic 
residues, they also caused fractionation of the radiogenic Pb isotopes. In order to 
negate this effect, the HF leachates and their respective residues required numeric 
recombination. As a consequence, using HF as a leaching acid should only be 
undertaken with extreme caution. Ideally, alternate leaching procedures should be 
developed. Standard analysis over the course of this study revealed significant 
inconsistencies between the measured Pb isotope ratios of different TIMS 
instruments and their detectors. Most notably, the SRM-981 standard 207Pb/206Pb 
ratios showed an offset of 0.082% between the Triton Plus Faraday measurements 
and the MAT 261 SEM measurements. When this offset is applied to early Solar 
System dating, it can result in an age difference of ~1 Myr. This highlights the 
importance of standard analysis monitoring and the continued need for both inter 
and intra-laboratory standardisation.  
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